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 The great success of the Nutrition and Health Series is the result of the consistent overriding mission 
of providing health professionals with texts that are essential, because each includes: (1) a synthesis 
of the state of the science; (2) timely, in-depth reviews by leading researchers in their respective 
 fi elds; (3) extensive, up-to-date, fully annotated reference lists; (4) a detailed index; (5) relevant tables 
and  fi gures; (6) identi fi cation of paradigm shifts and the consequences; (7) virtually no overlap of 
information between chapters, but targeted, inter-chapter referrals; (8) suggestions of areas for future 
research; and (9) balanced, data-driven answers to patients’ as well as health professionals’ questions 
that are based upon the totality of evidence rather than the  fi ndings of any single study. 

 The series volumes are not the outcome of a symposium. Rather, each editor has the potential to 
examine a chosen area with a broad perspective, both in subject matter as well as in the choice of 
chapter authors. The editor(s), whose training(s) is (are) both research and practice oriented, have the 
opportunity to develop a primary objective for their book, de fi ne the scope and focus, and then invite 
the leading authorities to be part of their initiative. The authors are encouraged to provide an overview 
of the  fi eld, discuss their own research, and relate the research  fi ndings to potential human health 
consequences. Because each book is developed de novo, the chapters are coordinated so that the 
resulting volume imparts greater knowledge than the sum of the information contained in the indi-
vidual chapters. 

  Chocolate in Health and Nutrition , edited by Ronald Ross Watson, Ph.D., Victor R. Preedy, Ph.D., 
D.Sc., FRIPH, FRSH, FIBiol, FRCPath, and Sherma Zibadi, M.D., Ph.D., clearly exempli fi es the 
goals of the Nutrition and Health Series. The major objective of this comprehensive volume is to 
review the growing evidence that chocolate contains a number of bioactive molecules that can be of 
value to many aspects of health. However, it would be highly remiss to not  fi rst review the complexi-
ties of sourcing of cocoa, chocolate manufacture, as well as the physical and biochemical aspects of 
chocolate components and its by-products so that the clinical studies can be placed in the proper per-
spective, especially with regard to the potential for comparisons between studies. For example, the 
volume includes discussions of milk chocolate, dark chocolate, white chocolate, cocoa powder, cocoa 
butter, and cocoa husks and hulls and comprehensively reviews the effects of temperature and fer-
mentation conditions for the production of each of these “chocolates” on the potential for clinical 
ef fi cacy. This  fi rst comprehensive review of the science behind the active molecules in chocolate and 
their effects on humans is of great importance to the nutrition community as well as for health profes-
sionals who have to answer client questions about this new area of clinical research. 

  Chocolate in Health and Nutrition  represents the  fi rst comprehensive compilation of the newest 
data on the actions of the  fl avonoids and microorganisms associated with the bene fi cial effects of 
chocolate. It is to the credit of Drs. Watson, Preedy, and Zibadi that they have organized this volume 
so that it provides an in-depth overview of the natural occurrence and biochemistry of relevant mol-
ecules in chocolate as well as human exposure to chocolate in its many forms and includes the latest 

    Series Editor Page   



vi Series Editor Page

research on the role of chocolate in normal health areas, including mood, pain and weight management, 
cardiovascular disease and related conditions, as well as their use as adjuncts to therapeutic agents 
used in the treatment of neurodegenerative diseases. Of importance, this volume includes an in-depth 
review of the safety of chocolate with emphasis on the mineral content as well as potential for adverse 
microbial effects. Fortunately, the safety reviews reinforce the con fi dence in the products sold by 
major manufacturers. 

 The volume is organized into  fi ve comprehensive sections. The  fi rst section comprises  fi ve chap-
ters that include reviews of the history of use of cocoa products from the beginning of time up until 
present times; there are several unique chapters that describe the hundreds of compounds in chocolate 
and the thousands of microbes that are identi fi ed during the fermentation processes. The sensory 
component of chocolate that most people identify  fi rst is its fragrance, and an in-depth chapter exam-
ines the volatiles associated with chocolate. 

 The second section contains six chapters on the composition of chocolate sources and related plant 
components. There is an important review of the biochemistry of the cacao bean with detailed tables. 
In the next chapter, there is a comprehensive evaluation of the effects of processing on the bioavail-
ability of the  fl avonoids in chocolates. The methodologies available for quantifying the bioactive 
molecules in chocolate products are outlined in the following chapter. Two critical chapters document 
the exposure to cocoa plants, including the bean and husk, by animals and manufactured products for 
humans. Cocoa butter’s nutritive value is compared to other fat sources in the  fi nal, unique chapter of 
this section. 

 The third section, composed of four comprehensive reviews, examines the newest data on the 
metabolism of chocolate, its bioavailability and factors that affect this parameter, and the activities of 
the bioactives from chocolate in cell culture. The absorption, metabolism, and pharmacokinetics of 
the polyphenols are emphasized and provide relevant data with regard to the clinical chapters in the 
next two sections of the volume. Another unique, detailed chapter describes the signi fi cant effects of 
these bioactives on the human gut microbiota. The  fi nal chapter in Section C explores the in vitro 
biological activity of the cacao husk and mass lignin carbohydrate complexes found in by-products 
from chocolate manufacture. 

 Half of this volume is devoted to reviews of clinical signi fi cance, with the fourth section, contain-
ing 11 chapters, examining the evidence for a role of chocolate in prevention and/or treatment of 
certain chronic diseases. Most of the clinical studies have looked at potential cardiovascular and neu-
rocognitive bene fi ts. Four chapters review the studies of the cardiovascular system and include 
speci fi c, in-depth examination of the data on endothelial function, arterial disease, coronary heart 
disease, and hypertension. Extensive tables and  fi gures are included in these chapters. Two other 
chapters look at the association of chocolate and prevention and treatment of diabetes. There is a 
single chapter on the possible link between chocolate consumption and cancer risk, as data are emerg-
ing and not at the level of research as the cardiovascular area. With regard to cognitive function, three 
chapters examine the potential of the anti-in fl ammatory polyphenols in chocolate to reduce the risk of 
Alzheimer’s disease and/or reduce loss of cognition from other causes, including diabetes. 

 The  fi nal    section includes 11 chapters – those that examine many diverse aspects of the association 
of chocolate with human behaviors including the bene fi cial effects on mood and pain tolerance as well 
as those that can help the health professional provide data-based, objective responses to clients about 
the association of chocolate consumption and weight gain (or loss); effects on withdrawal, addiction, 
and acne; and potential for dental caries and altering food preferences in children. The  fi nal chapter 
provides an enlightened rationale for conducting well-controlled studies in healthy individuals to 
determine the full scope of actions of chocolate. 

 The logical sequence of the sections as well as the chapters within each section enhances the 
understanding of the latest information on the current standards of practice for clinicians and related 
health professionals including the dietician, nurse, pharmacist, physical therapist, behaviorist, psycholo-
gist, and others involved in the team effort required for the successful treatment of cardiovascular and 
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other relevant diseases as well as conditions that adversely affect normal metabolic processes. This 
comprehensive volume also has great value for academicians involved in the education of graduate 
students, postdoctoral fellows, medical students, and allied health professionals who plan to interact 
with patients with disorders that may be bene fi cially affected by the addition of chocolate products or 
their constituents to the diet. 

 Cutting-edge discussions of the roles of signaling molecules, growth factors, hormones, cellular 
and nuclear receptors, and all of the cells directly involved in chocolate  fl avonoid metabolism are 
included in well-organized chapters that put the molecular aspects into clinical perspective. Of great 
importance, the editors have provided chapters that balance the most technical information with dis-
cussions of its importance for clients and patients as well as graduate and medical students, health 
professionals, and academicians. 

 The volume contains over 100 detailed tables and  fi gures that assist the reader in comprehending 
the complexities of the metabolism as well as the biological signi fi cance of chocolate for human 
health. The overriding goal of this volume is to provide the health professional with balanced docu-
mentation and awareness of the newest research and therapeutic approaches, including an apprecia-
tion of the complexity of this relatively new  fi eld of investigation. Hallmarks of the 40 chapters 
include keywords and bulleted key points at the beginning of each chapter, complete de fi nitions of 
terms with the abbreviations fully de fi ned for the reader, and consistent use of terms between chap-
ters. There are over 2,500 up-to-date references; all chapters include a conclusion to highlight major 
 fi ndings. The volume also contains a highly annotated index. 

 This unique text provides practical, data-driven resources based upon the totality of the evidence 
to help the reader understand the basics, treatments, and preventive strategies that are involved in the 
understanding of the role chocolate may play in healthy individuals as well as in those with cardio-
vascular disease, diabetes, or neurocognitive declines. Of equal importance, critical issues that involve 
patient concerns, such as dental caries and food preferences in children, potential effects on weight 
gain, and addiction and withdrawal, are included in well-referenced, informative chapters. The over-
arching goal of the editors is to provide fully referenced information to health professionals so they 
may have a balanced perspective on the value of various preventive and treatment options that are 
available today as well as in the foreseeable future. 

 In conclusion,  Chocolate in Health and Nutrition , edited by Ronald Ross Watson, Ph.D., Victor R. 
Preedy, Ph.D., D.Sc., FRIPH, FRSH, FIBiol, FRCPath, and Sherma Zibadi, M.D., Ph.D., provides 
health professionals in many areas of research and practice with the most up-to-date, well-referenced, 
and comprehensive volume on the current state of the science and medical uses of chocolate. This 
volume will serve the reader as the most authoritative resource in the  fi eld to date and is a very welcome 
addition to the Nutrition and Health Series.      

    Adrianne   Bendich ,  Ph.D., FACN    
 Series Editor   
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 Historically, the Mayans used the fruit and seedpods from the cacao tree as a food. This food was one 
of many brought from the New World by the Spanish. The Aztecs made a drink that was thick, 
unsweetened, and eaten with a spoon, although now chocolate products are widely used around the 
world, with many modi fi cations. The  fi rst section of the book reviews chocolate’s historical use in the 
Americas and production methods built upon that experience. 

 The second section then reviews constituents, their analysis, and bioavailability to provide a cur-
rent understanding of chocolate. These include its role in meeting nutritional requirements, aroma, 
and the role of chocolate by-products, such as cocoa butter, in health. The third section logically leads 
to expert reviews of how the human body responds to chocolate and its polyphenol components, par-
ticularly their digestion by enzymes and gut micro fl ora, absorption, and metabolic interactions that 
help de fi ne potential and de fi ned health bene fi ts. 

 The major goal of the third section is to evaluate the variety of clinical bene fi ts of chocolate and 
especially its polyphenols. Thus, dark chocolate could reduce the risk of heart attack and provide 
other cardioprotective actions if consumed regularly. Reviews suggest that chocolate may have posi-
tive health roles in diabetes, cancer, hypertension, arterial disease, neurocognitive functioning, and 
modi fi cation of brain actions, a developing research and clinical arena. 

 The fourth section, with the most reviews, builds upon brain stimulation and mood alteration due to 
chocolate. Several sets of authors evaluate chocolate’s biochemistry and chemistry and its effects on the 
brain, mood, and addiction. Withdrawal, cues that stimulate consumption, pain tolerance, mood, addiction, 
and  fl avor are reviewed. Cocoa and chocolate components modulate neurocognitive functioning. Some 
affect children’s food and  fl avor preferences. There are behavioral, cognitive, and affective consequences 
of trying to avoid chocolate, including withdrawal, that are included in the book. Two major reported 
adverse effects of consumption of sweetened chocolate, acne and dental caries, are de fi ned in detail. 

 Finally, contaminants of the cocoa bean in production and processing are reviewed. Knowledge of 
some of these is important for protection of the consuming public. Contaminants such as mycotoxin 
from fungi growing on the beans and pods as well as toxins from other fungal species are described 
and evaluated for well-known health risks. Chocolate can contain a variety of potential toxic materials 
with lead absorbed from the environment. 

 Clearly, chocolate and its many products are a complex and diverse set of foods with wide biologi-
cal and health effects, both positive and negative. The book has 40 chapters, with world experts 
reviewing their own and others’ research, which dramatically de fi nes chocolate and its human effects. 
Overall, chocolate is a product with a long history of human use that has developed into a multitude 
of products, with research now showing that some have disease prevention actions.

Tucson, AZ, USA Ronald Ross Watson
London, UK Victor R. Preedy
Tuscon, AZ, USA Sherma Zibadi      
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 Cultures of the New World incorporated cacao into their diet (the foods we eat) and cuisine (how we 
prepare and eat them) as early as 1800 B.C.E. (Fig.  1.1 ). The history of cacao use follows a trajectory 
of use by cultures at an increasing distance from the areas where cacao could be grown, along with 
increasingly elaborate and distinctive material objects associated with its preparation and consump-
tion. Cacao consumption became an important component in ritual and everyday life, while control 
over access to cacao fueled economic interactions among New World populations up to (and even 
after) the arrival of Spanish explorers.  

 Archeologists rely on multiple lines of evidence in searching for use of plants in the past. Primary 
evidence may include macrobotanical remains, pollen, phytoliths, impressions of plant parts, and resi-
dues. Thus, archeologists traditionally collect soil samples systematically over sites, as well as sam-
pling the interiors of vessels and tools, to search for macrobotanical remains (which often preserve 
well when they are charred), pollen, and phytoliths. Ancient feces, known as coprolites, can be par-
ticularly important in revealing short-term diet and parasite load. Impressions of plant parts in mud, 
adobe, or ceramics may show the presence of economic plants. Archeologists have employed residue 
analysis increasingly to determine food remains on vessels or tools, particularly in collaboration with 
chemists. Gas chromatography–mass spectrometry and high-performance liquid chromatography–
mass spectrometry are the techniques most often employed. Some speci fi c plants are more easily 

    Chapter 1   
 Pre-hispanic Use of Cocoa       

      Patricia   L.   Crown                  

 Key Points 

    Native to South America, Theobroma cacao was cultivated in Mesoamerica by at least 1800 B.C.E.  • 
  Cacao became a widespread trade item and form of tribute.  • 
  Elites, priests, and warriors consumed a variety of chocolate drinks using distinctive drinking • 
 vessels, means of frothing, and additives.  
  The healthful properties were recognized, and chocolate was used to treat a variety of ailments • 
before European contact.    
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identi fi ed than others because of the presence of compounds, known as biomarkers, that are speci fi c 
to one or a few plants. Other plants have a dizzying array of compounds, none of which are speci fi c 
to that plant, so it is not possible to identify them de fi nitively – corn is a good example of a plant 
known to have been grown and consumed widely in the New World that is dif fi cult to identify as a 
residue by chemical techniques because there are no lipid biomarkers unique to Zea mays  [  1  ] . 

 In addition to the primary means of identifying plants, archeologists employ secondary means of 
identifying the use of plants. This includes imagery showing plants, documents, and presence of tools 
known to have been used to prepare or consume speci fi c types of foods. Images painted on pottery or 
walls or carved into rock may depict plants or foods or even meal preparation and consumption. In 
more complex societies, written languages document plant and food use. Imagery showing plant use 
and documents recording plant use in textual form are generally reliable sources, but not always. It is 
sometimes dif fi cult to determine whether to interpret images literally or whether they may be meta-
phorical or mythical in meaning. And documents cannot always be trusted as reliable sources of the 
truth, particularly when written by colonial observers of a culture outside their own. Imagery and texts 
are very useful, but often archeologists have to rely solely on the presence of tools associated with 
speci fi c foods. Just as many modern foods and drinks are prepared with tools or served in containers 
that are speci fi c to that type of food or drink, foods and drinks in the past were often prepared with 

  Fig. 1.1    The distribution of cacao cultivation in Central America and Mexico in A.D.1502 and sites/cultures mentioned 
in the text (Adapted from reference  [  13  ] )       
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tools dedicated to that preparation or served in special containers. This is particularly true for foods 
that anthropologists call  luxury foods,  foods that are desirable but not essential to human nutrition  [  2  ] . 
Such foods are often dif fi cult to obtain, reserved for special occasions, require complex preparation 
techniques and knowledge, and are often fatty, sweet, or succulent  [  3  ] . Use of special containers to 
serve such foods enhances their distinctive qualities and signals their consumption from a distance. In 
our own culture, alcoholic drinks are often served in special vessel forms so that it is possible to deter-
mine what someone is drinking without asking and from a considerable distance – martini glasses or 
brandy snifters are good examples. A savvy archeologist in 200 years might interpret the recovery of 
a martini glass as proof that martinis were consumed without  fi nding martini residues or a charred 
olive pit! In this same way, archeologists attempt to determine the presence of special tools or contain-
ers dedicated to the preparation or consumption of speci fi c foods and drinks. We can argue from such 
indirect evidence that a speci fi c food or drink was consumed in the past. 

 Archeologists have employed all of these forms of evidence to search for use of cacao in the past. 
Working in various parts of the New World, archeologists have recovered macrobotanical remains of 
cacao, residues, imagery, texts, and tools/containers as evidence of cacao use. Current evidence indi-
cates that from early pre-Hispanic times into the historic period, consumption of chocolate drinks 
involved special containers, a method for frothing, cacao, and additives. The drinks varied in tempera-
ture and additives but shared the four characteristics listed. Research on cacao use is changing rapidly, 
with yearly publications providing new information. Here I summarize what we know today, with the 
caveat that new information may alter or supplement this discussion. 

 The most recent publications indicate that Theobroma cacao is a native Amazonian plant domesti-
cated in Mesoamerica, with possible incipient domestication in Amazonia  [  4  ] . At the time of European 
contact, cultivated cacao trees were noted only in Mesoamerica. Archeological evidence places the 
earliest cacao use at the Paso de la Amada Site of the Mokaya Culture located on the southern Paci fi c 
Coast of Mexico, dating from 1900 to 1500 B.C.E., based on residue analysis of a neckless globular jar 
form  [  5  ] . Cacao residues were also present during the Early Preclassic occupation of the earliest Olmec 
capital of San Lorenzo at 1800 to 1000 B.C.E.  [  6  ] , located in southern Veracruz, Mexico. Vessel forms 
tested con fi rm that cacao drinks were consumed, but not what these drinks were. They might have been 
drinks made from cacao nibs or from the sweet pulp surrounding the nibs; a fermented beverage may 
have been made from the pulp, as has been documented historically for wild Theobroma in South 
America and cultivated Theobroma among the Highland Maya  [  6,   7  ] . The argument for a precedent for 
a fermented beverage made from the pulp is based on the shape of the vessels containing residues, with 
earlier bottle forms shifting to later forms more amenable to creating a froth. As the froth is more likely 
associated with drinks made from cacao nibs, the argument is made that earlier drinks might be of the 
fermented, nonfrothing variety  [  7,   8  ] . The evidence from the Olmec area indicates cacao residues in 
many distinct vessel forms and ceramic wares, including cups, open bowls, and bottles as well as deco-
rated  fi ne wares and coarse ware  [  6  ] . Recovery of residues in such an array of vessel forms and wares 
suggests that cacao drinks were fairly widely available and consumed, particularly given that 17% of 
all ceramics tested had cacao residues. Of particular interest, four positive samples from San Lorenzo 
came from a mass of several hundred broken vessels capping a burial pit containing sacri fi cial victims; 
this association is interpreted as indicating the consumption of cacao drinks in “a well-attended, postin-
ternment celebration”  [  6  ] . The consumption of cacao drinks in association with ritual thus has a history 
spanning nearly four millennia. Interestingly, the word “cacao” originated among speakers of an early 
Mije-Sokean language residing along the Gulf Coast of southern Mexico  [  9  ] , the Olmec heartland. 

 Chocolate drinks subsequently became a widespread part of Mesoamerican cultures up to the pres-
ent day. Consumption of cacao-based drinks moved far outside the area of possible Theobroma tree 
cultivation, indicating widespread exchange of cacao. These drinks most often were consumed using 
cacao nibs, a variety of additives, specialized vessel forms, and a method for frothing. Ultimately, 
cacao became an important part of the economy of Mesoamerica, an economy that was taken over by 
the Spanish, despite their initial distaste for chocolate drinks. Chocolate drink consumption was too 
widespread to describe every nuance here, so I provide a brief overview of the best known areas. 
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 Chocolate drinks were probably prepared as they are today through a multistage process. First, 
growers harvested the cacao pods and removed the nibs from the pods. Then they fermented the cacao 
beans in the surrounding pulp for one to several days, often on the forest  fl oor. The fermented beans 
were then removed from the pulp and allowed to dry in the sun for 1–2 weeks. Roasting was the next 
stage, although sometimes this stage was omitted. Winnowing then involved removing the papery 
shell to extract the nib. The nibs were then ground into cacao liquor, which might be mixed with a 
variety of additives and consumed immediately, or formed into tablets for later use. Tablets had a rela-
tively long shelf life, lasting as long as 2 years. Exchange and trade in the past most often involved 
either the roasted cacao beans or tablets rather than the fruit or liquor. 

 The Maya occupied areas of the lowlands and highlands of Mexico, Guatemala, and Belize. Maya 
farmers grew Theobroma cacao trees in the lowlands, and at least some Maya drank chocolate, as 
attested by residues on vessels, inscriptions, and texts. During the Preclassic, the Maya drank choco-
late from spouted vessels, the spout serving not only as a vehicle to pour the drink, but also perhaps as 
a means to blow air into the chocolate, creating a bubbly froth on the surface  [  10  ] . From about A.D. 
250 to 900, the Classic Maya built cities with temple-pyramids occupied by kings and elites and sup-
ported by a rural population of farmers. The elite consumed chocolate both in drinks and thicker gru-
els, with a variety of additives; there was no single chocolate drink or recipe. Each concoction had a 
separate name. There were probably both hot and cold varieties of chocolate drinks, although the his-
toric Maya tended to favor the hot varieties. Chocolate was also used as an additive in drinks and foods 
with more substantial ingredients, such as corn meal. Depictions of chocolate drink preparation show 
the Classic Maya using tall cylindrical jars to hold their drinks, a fact supported by inscriptions on the 
jars that state that they were used to hold chocolate drinks. The drinks were frothed by pouring from 
one vessel to another from a height, creating a cascading waterfall-like effect with froth bubbling up 
on the surface of the lower jar. Images con fi rm preparation of chocolate drinks in formal settings that 
suggest a theatrical performance surrounding the preparation. Elites and royalty are clearly the pri-
mary consumers, but it is unclear if lower classes, including farmers, drank chocolate as well  [  11  ] . 

 Cacao was a sign of wealth and power among the Maya, often served at lavish feasts to gain loyalty 
and obligation. The Theobroma cacao tree was considered sacred and cacao  fi gures prominently in 
Mayan myths. Cacao was often associated with graves and was considered an important food for the 
journey to the afterworld. There was a symbolic association among chocolate and blood, rulership, 
ancestors, and the Underworld  [  12  ] . Chocolate drinks were sometimes  fl avored with achiote/annatto, 
a red spice that dyed the drinks the color of blood. Cacao was exchanged in wedding ceremonies and 
was an important component of other rites of passage. Cacao beans were given as gifts and perhaps 
tribute payments among the Classic Maya  [  12  ] . Cacao beans were even counterfeited in clay  [  11  ] . 

 By the end of the Classic, some Maya populations had developed widespread trading networks 
along the Gulf Coast, with large trading canoes. Cacao was both commodity and currency  [  11  ] . Cacao 
was grown wherever it could be, including exploitation of microenvironments in areas where cultiva-
tion would otherwise be impossible. Con fl ict over control of cacao-growing land or access to trade 
with cacao-growing populations was endemic up to the Conquest. 

 Cacao had spread to the American Southwest by about A.D. 1000 and perhaps earlier. Current 
evidence indicates cacao residues on ceramics from Ancestral Pueblo sites in Chaco Canyon, New 
Mexico, and the Hohokam area of southern Arizona  [  13,   14  ] . Ongoing research will likely enhance 
our understanding of the temporal and spatial extent of cacao use in the American Southwest. Within 
Chaco Canyon, cacao use is documented in association with cylindrical jars similar in form to those 
used in the Maya area (Fig.  1.2 ). However, the Chacoan vessels are locally made and later than the 
Classic Period Maya jars. Cacao could not be grown in the Chacoan area, so it must have been 
acquired through one of three mechanisms: by Chacoan people walking south to acquire cacao at the 
source (a distance of about 1,900 km to the nearest area known to have grown cacao during the his-
toric period), by Mesoamerican traders bringing cacao northward to Chaco, or by a series of shorter 
exchanges across this distance. Parts of the distance might be traveled by canoe, but Chaco Canyon 
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is not located on a navigable watercourse. Other Mesoamerican items occur in some Chacoan sites, 
including the Scarlet Macaw (another species from the tropics), as well as copper artifacts, pseudo-
cloisonné objects, and some species of shells. It is currently unknown whether the cacao came from 
western Mesoamerica, as did the copper objects and many shell species, or from eastern 
Mesoamerica.  

 The speci fi c recipes for consuming chocolate drinks are not known; however, it seems most likely 
that chocolate was exchanged in prepared bricks rather than as raw beans, particularly because no 
cacao beans have been recovered in archeological sites in the Southwestern area. The cylinder jars 
often occur in sets of two to four identical jars, suggesting that preparation included the pouring 
method to create froth, as was common among both the Maya and later Aztec. Only about 200 of these 
vessels are known in museum collections and most came from a single large cache within the Chacoan 
site of Pueblo Bonito. 

 No records exist to provide information on the use of cacao within Chaco Canyon; however, it 
seems most likely that chocolate drinks were luxury foods. As de fi ned by anthropologists, luxury 
foods are foods that are dif fi cult to obtain and nonessential to human nutrition, but desirable. They are 
often sweet or succulent or fatty, and they often require specialized preparation knowledge  [  2  ] . 
Because the cylinder jars do not occur associated with individual burials, but rather primarily in large 
caches, it is likely that the jars and chocolate were served in communal feasts or rituals rather than in 
funeral rites. Serving chocolate drinks at a feast would have signaled wealth and ties to Mesoamerica. 
It likely created obligations for the guests to reciprocate with subsequent labor or gifts. 

 Less is known about cacao in the Hohokam area, except that the residues seem to be present 
on early, shallow oblong bowls that might have been used to grate cacao bricks by about A.D. 900 

  Fig. 1.2    Cylinder jar from 
Chaco Canyon housed in the 
American Museum of Natural 
History (Patricia Crown, 
photographer)       
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(ongoing research by Patricia Crown and W. Jeffrey Hurst) and on later beaker-shaped vessels dating 
to the fourteenth century  [  14  ] . The Hohokam area extended from the Arizona/Sonora border north 
almost to Flagstaff, and they had interaction with Mesoamerica, including macaws, copper bells, and 
pseudo-cloisonné, just as Chacoans did. The Hohokam particularly crafted items from shells, includ-
ing many from species found in the Gulf of California, so it is most likely that they exchanged choco-
late from West Mexico. Trading canoes from the south might have reached as far as the northern 
portion of the Gulf of California, with overland trade from there. 

 Returning to Mesoamerica, the Aztec occupied the Valley of Mexico from the early fourteenth 
century, conquering a large area by the late  fi fteenth century. This included the Soconusco area famed 
for growing high-quality cacao. The large Aztec capital of Tenochtitlan received massive amounts of 
tribute twice yearly, including cacao and many other luxury items. Aztec rulers occupied huge palaces 
that included cacao warehouses. In addition to acquiring cacao through tribute, Aztec merchants, 
called  pochteca , bought and sold cacao. Cacao was sold in markets within the Aztec Empire. A single 
 pochteca  would normally carry 24,000 cacao beans in a single backpack  [  11  ] . Cacao beans were cur-
rency in the Aztec Empire with  fi xed values, and they were sometimes counterfeited. 

 The Aztec elite drank chocolate in a variety of elixirs, preferring cool rather than hot drinks. As 
with the Maya, they mixed chocolate with many different spices and additives. The conquering 
Spanish recorded various versions of how cacao was prepared, but maize, chili, annatto, honey, and 
vanilla were common additives, along with several types of powdered  fl owers. The Aztec consumed 
chocolate drinks from small, hemispherical bowls of ceramic, gourd, or gold  [  11  ] . Such vessels appear 
on tribute lists along with cacao itself. As with the Maya, the Aztec created a froth by pouring from 
one vessel to another. Cacao consumption was largely the purview of the elite, warriors, and mer-
chants. Commoners did not have access to chocolate drinks  [  11  ] . 

 For the Aztec, cacao was symbolically associated with the south, the Land of the Dead, the color 
red, and blood  [  11  ] . Denied cacao throughout their lives, slaves might taste cacao for the  fi rst time if 
chosen for sacri fi ce. A drink was even made of chocolate mixed with water containing human blood 
washed from sacri fi cial knives to give sacri fi cial victims courage  [  11  ] . 

 Theobroma cacao, the fruit, and the drinks/foods made from it all  fi gured prominently in 
Mesoamerican myths, songs, poems, and texts. Control over access to cacao created economic part-
nerships and con fl icts throughout much of the millennium before the Spanish entered the New World. 
The  fi rst documented European contact with cacao occurred during Columbus’ fourth voyage, when 
his men encountered a Maya trading canoe  fi lled with trade goods, including cacao  [  11  ] . The massive 
tribute system controlled by the Aztecs, which included cacao, was a critical prize of the Spanish 
conquest, and although the Spanish did not initially consider chocolate drinks favorably, their success 
in the New World was at least in part due to their co-opting the cacao trade and tribute. 

 There is no question then that cacao had symbolic and economic value to many peoples of the New 
World, but what about medicinal uses for cacao in the past? It is not easy to determine medical prac-
tices in the past without texts. Wherever we  fi nd residues of cacao, it is possible that the chocolate 
drinks were viewed as having nutritional and healthful properties, but we cannot prove this. All human 
societies have healers, and these specialists often use plants to treat disease or to reach altered states 
of consciousness. Most of what we can glean about the use of cacao in medical practices comes from 
texts written in the 1500s, and most are speci fi cally about the Aztec practices. The Aztec Emperor 
maintained a botanical garden to grow and test plants for medicinal purposes  [  11  ] . Three manuscripts 
are particularly useful in understanding Aztec use of plants in medicine: the Badianus manuscript, 
Florentine Codex, and Princeton Codex  [  15  ] . These manuscripts detail several medicinal uses for 
cacao. Chocolate drinks treated stomach and intestinal problems. When mixed with liquid from silk 
cotton tree bark, it cured infections  [  15  ] . When mixed with rubber, it (not surprisingly) stopped diar-
rhea  [  16  ] . Chocolate ended fever and faintness when combined with ground corn and blended with 
 Calliandra anomala   [  15  ] . Chocolate drinks mixed with several herbs could also help end coughing. 
Chocolate was also blended with various medicinal preparations to improve their  fl avor  [  15  ] . 



91 Pre-hispanic Use of Cocoa

 Far to the south, a chronicler of the Indies, Gonzalo Fernández de Oviedo y Valdés, visited the 
Greater Nicoya area between 1527 and 1529. This area encompassed the Paci fi c coast of Nicaragua 
and northwestern Costa Rica  [  17  ] . Oviedo states that cacao butter was smeared on the skin to protect 
from sunburn, used as a balm for injury, and that anyone bitten by a snake after drinking cacao would 
not die  [  17  ] . 

 Cacao was a critical commodity in the economy of much of Mesoamerica, an important symbol of 
status, and used medicinally to cure a variety of ailments. We continue to learn more about the uses of 
cacao in the past, with new techniques promising to provide important insights into its use and distri-
bution. There are limitations to what we can know from archeological evidence, but those limitations 
are narrowing with every decade of discovery.     
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 History of the Medical Use of Chocolate       

        Donatella   Lippi                 

 Key Points 

    Religious, medical, and cultural controversies have eased off in accepting the therapeutic • 
 effectiveness of the various cocoa and chocolate components.  
  Recent studies have provided the evidence to a century’s established use, supported by empiricism • 
and experience.  
  The scienti fi c debate involved the medical class; doctors applied themselves to study the matter in • 
depth.  
  Food was considered to be the  fi rst medicine, and it was necessary to know chocolate’s properties • 
 fi rst.  
  Some authors supported the adoption of cocoa and chocolate for therapeutic purposes, following • 
the experiences of the people in New Spain.  
  The debate involved spices, too, which were added to chocolate, in order to discover the true nature • 
of this beverage.  
  In Florence, the custom of drinking chocolate “to the use of Spain” started in1668; then, personal-• 
ized recipes were elaborated by pharmaceutical factories, which were active in cocoa processing.  
  In the eighteenth century, Carl von Linné (Linnaeus) gave a very positive judgment of chocolate’s • 
qualities as nourishment and as a therapeutic substance.  
  When dietetics separated from medicine, chocolate acquired the role of excipient, being associated • 
with different health problems.    
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    The Metaphor 

 Can chocolate indeed be considered as “manna” or a “cure-all,” which was the belief of some 
 seventeenth-century authors? Or does it have to be demonized as a means to “shorten life,” as it has 
been described by detractors who saw in the sweet medicaments and in the foaming ambrosias of 
“chocomilk” the symbol, perhaps, of a self-conceited and silly century?  [  1  ] . More recent studies, 
which have demonstrated the therapeutic effectiveness of the various cocoa and chocolate compo-
nents, have come to provide the scienti fi c evidence for centuries of established use, supported by 
empiricism and experience, but this acknowledgment has not had a straight course, being involved in 
religious, medical, and cultural controversies. 

 Christian Europe looked at new, exhilarating drinks, which had revolutionized alimentary habits, 
with extreme suspicion and often with a condemnatory attitude: from this reaction, the necessity 
derived to appeal to the reasons of health, with which doctors and scientists hurried to explain that 
alcohol, tea, coffee, and chocolate were good for the body, and propose thus, in sincere conviction, an 
intellectual alibi to open the door to desire  [  2  ] . 

 The use of chocolate was af fi rmed, in particular, in Southern European countries, never to become, 
however, a mass phenomenon, and limiting its own impact to the highest social élite, as it is demon-
strated by the alternative recipes which, during the eighteenth century, proposed the substitution of 
cocoa with other cheaper ingredients, that however offered the same  fl avor. An example is the work 
of doctor Saverio Manetti who, in 1765, following the “very big shortage in gender of Wheat of every 
kind and Fodders, especially of Wheat, happened this year throughout Italy,” printed, that same year, 
a book in which he suggested very economical stratagems: people who could not afford to buy choco-
late could use roasted  fl our, milk, sugar, and egg yolks in order to obtain a beverage which at least 
looked like chocolate  [  3  ] . Is it a sort of chocolate substitute or its…illusion? 

 Full of metaphors and  fl avors, seventeenth century’s chocolate was about to become a symbol of 
the weakness and laziness of the aristocrats, as opposed to the activity and rationality of the middle 
classes, which were associated with coffee consumption. But, in order to allow its of fi cial admission 
in daily use of the middle-high class, it was, however, necessary to receive the viaticum of the acknowl-
edged authority, the medical class, and even in terms of medicine, various mentalities, and various 
ideologies compared and collided. 

 Therefore, as famous doctor Pujati claimed,

  If I were to say that Chocolate is only a beverage, that nourishes and refreshes, which is true, the matter would 
be provided (…) I esteem it to be very useful, and I wish all the Writers and Scholars, that they may drink it with 
ease, and at their own home, as something, that for long strengthens body and soul, and that in their strenuous 
tasks, and at times when they cannot, nor should not take suf fi cient food, it may be of no little help, indeed a 
Manna. (Fig.  2.1 )  [  4  ]      

   Food or Medicament 

 Cocoa and chocolate represent also today an important occasion of confrontation in terms of medicine 
and dietetics. In the past, when no effective therapeutic means existed, the only possibility to recover 
from disease was to use lifestyle and diet as strategies to ensure physical and mental well-being. The 
concept of a “life regime” in the classical world was expressed by the term díaita/diaeta (which had 
nothing to do with adjusting rations according to an individual’s physical and biometric conditions, as 
it does today). Its meaning was far broader, encompassing all the areas that were not determined auto-
matically by nature and that humans thus could plan of their own accord such as one’s relationship 
with air and water, food and drink, motion and rest, sleep and wakefulness, dejections and sexuality, 
love and passion. These rules were collected in the  Regimina Sanitatis , which were codi fi ed during 
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the Middle Age: the doctor could, indeed, intervene to cure the sick man, but also the sound, making 
the required changes to the way of living, using food and drink. 

 Food was considered to be the  fi rst medicine, and it was already contemplated in the Middle Age 
pharmacopeia the use of animal and vegetable products, to take as food: dietetics became a part of 
medicine, restricted to rich people, and the alimentary science on the basis of health was designed up 
to the eighteenth century as a branch of medicine itself, to then reach its own clear identity. 

 Chocolate as food, then, or as medicament? Surely, it is chocolate as a functional food that recog-
nizes and generates interesting physiological effects, likely to promote or maintain health, and there-
fore chocolate as medi-food, which exalts its nutritional functions and its therapeutic abilities   . 

 The  fi rst authors documenting the adoption of cocoa and chocolate also for therapeutic purposes, 
referred to the experiences of the people in New Spain, without engaging in the analysis of the alleged 
reasons for these choices but simply reporting what they had observed. 

  Fig. 2.1    Cacao arbor. Chiseled, watercolored etching, 350×260 mm. In: Mark Catesby, The natural history of Carolina, 
Florida, and the Bahama Island. Tomo II. Tav. 6. London, B. White, 1771 (Reprinted with the permission of Biblioteca 
Nazionale Centrale, Firenze)       
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 The Spanish monk Bernardino de Sahagún, for instance  [  5  ] , referred to the therapeutic purposes 
that the American indigenous population had for beverages made with cocoa, depending on the type 
and dosage; he warned against excessive drinking of cocoa prepared from unroasted beans, but 
 recommended it if used in moderation. He stated that drinking large quantities of green cocoa made 
imbibers confused and deranged, but if taken in moderation, the beverage was invigorating and 
refreshing. 

 M. de la Cruz, teacher at Santa Cruz College, founded in Mexico City by the Spanish around 1536, 
underlined a clear prevalence for the use of cocoa derivatives as nutrients or to be used in case of 
angina, constipation, dental problems in case of tartar, dysentery, dyspepsia, indigestion, fatigue, gout, 
and hemorrhoids  [  6  ] . 

 If friar Agustín Dávila Padilla reported its use in curing kidney disease  [  7  ] , it is Francisco Hernandez, 
in 1577, who identi fi ed some  fi elds in which cocoa was used as medicine: without adding any other 
ingredients, it was used for liver disorders; four grains of cocoa and a dose of gum (holli) toasted and 
mixed together “restrained dysentery”; the drug called  atextli  was made using a  fi ne paste of cocoa 
and corn, to which it could be added  mecaxochitl  ( Piper sanctum ) and  tlilxochitl  ( Vanilla planifolia ), 
as an aphrodisiac  [  8  ] . The frequent use of a beverage made with grains of  pochotl  and  cacahoatl , 
instead, made one extremely fat and was therefore recommended to slim and asthenic people.  

   De Usu Et Abusu 

 When this re fl ection was transferred to Western Europe, it went beyond the examination of the practi-
cal use of chocolate, and it assumed the characteristics of a medico-philosophical debate: therefore, 
it was necessary to appeal to the tradition of Galenism, which was still an inescapable reference 
point in the medical practice of that time. The concept of medical science in the seventeenth and eigh-
teenth centuries in fact was still strongly affected by the Hippocratic-Galenic approach. Health was 
a result of the eukrasìa of the four body  fl uids, which constituted the human body: blood, phlegm, 
yellow bile, and black bile. To those corresponded speci fi c dispositions and qualities: hot, cold, humid, 
and dry. 

 The therapy was based on an exclusively allopathic system, by which the “hot” illnesses had to be 
treated with cold substances or foods, as well as dry illnesses needed humid foods and medicaments. 

 The  fi rst debate regarding cocoa, meaning the plant and its berries, and chocolate, product obtained 
from cocoa in the form of drink, was, therefore, centered on the identi fi cation of their respective quali-
ties. The relationship between the balance hot/cold in the ingredients added to the medicinal prepara-
tions was raised for the  fi rst time by doctor Juan de Cárdenas, in 1591, who underlined the pro fi table use 
of cocoa only when it was toasted  [  9  ] , pointing out the importance of balancing the hot/cold properties 
of the ingredients added to the medicinal preparations of chocolate. 

 The re fl ection on cocoa and chocolate properties and on the various ingredients added to the diverse 
preparations was connected to the Hippocratic-Galenic system in a systematic way: Santiago de 
Valverde Turices  [  10  ]  discriminated the cold quality of cocoa from the hot and dry of chocolate, 
which had to be then used for the cold and humid illnesses: chocolate had to be considered a medicine 
because it is able to alter the patient’s constitution – useful for breast illnesses if drunk in large quanti-
ties, it could also be bene fi cial for the stomach if taken in small doses. When people were healthy, the 
use of chocolate was subordinated to the adding of “cold” ingredients to balance its “hot” nature. 

 In 1618, Bartolomeo Marradon, a Spanish doctor mentioned by Antonio Colmenero de Ledesma 
in his treatise on nature and quality of chocolate  [  11  ] , wrote a dialogue that summarized the different 
uses of cocoa in Spain. The doctor, protagonist of the dialogue made by Marradon, emphasizes how 
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the use of cocoa as currency or as beverage was absolutely restrictive and partial: as “panecitos, tabil-
las or en coxa como conserva,” cocoa could be used appropriately as medicine  [  12  ] . 

 This cold drink did not cause drunkenness: in some areas, cocoa was toasted and mixed with water; 
others mixed it with cooked white corn, adding a kind of water suitable to the pathology that had to 
be cured. Mixed with sugar, it could be given to the ill “cuando no hay calenture.” Cinnamon, sugar, 
pepper, cloves, vanilla, and anise were the ingredients that were included, as variations, in Marradon’s 
recipe, which provided this prescription:

  700 (grains of) cocoa, 1 and ½ pounds of white sugar, 2 ounces of cinnamon; 4 grains of Mexico powder, called 
chile or pimiento; ½ ounce of cloves; 3 little rinds of Campeca (or, instead of this, the weight of 2  reali  of anis); 
in the end, 1 hint of “achiote” enough to give it color. Some add almonds, knuckles, and Orange  fl owers’ water.   

 As Giovanni Battista Anfossi  [  13  ]  also reminded many years later, this recipe was later changed by 
Colmenero de Ledesma himself. Here’s the recipe:

  For every 100 grains of cocoa are to be mixed 2 grains of Chile, or Mexico pepper, those large grains we said are 
called chilpatlague (sic) and, in their absence, 2 grains of India’s pepper, the larger and less hot, that are found in 
Spain. 1 handful of anises; 2 of those  fl owers called mechasuchil, if the belly is hard and tight. In Spain, instead 
of these latter, it can be added the dust of 6 alexandrine roses, vulgarly called raisins roses; 1 little rind of 
Campeche; 2 drams of Cinnamon, 1 dozen of almonds and as many “knuckles”; ½ pound of sugar; the amount 
of achiote enough to give color to the whole. Whenever any of these drugs cannot be found, that it be indeed from 
the Indies, be it done with our own.   

 The Anglo-Saxon authors as well intervened in this debate, at the time when Great Britain undertook 
the conquering of the new continent. Henry Stubbe, starting from the analysis of the previous authors’ 
testimonies, emphasized how in the Indies chocolate was drunk under the doctor’s prescription once or 
twice a day and that it was particularly useful to restore energy “if one is tired through business, and 
wants speedy refreshment.”  [  14  ]  Stubbe not only told about the use of chocolate in the various sources 
but proposed his own recipe that closely resembles the one referred by Colmenero de Ledesma:

  For every 100 cocoa seeds, 2 hot red peppers (chile), a handful of anise seeds and  orichelas  ( orejaelas ) and 2 of 
 fl owers called  mecasuchill,  1 vanilla or 6 powdered alexandrine roses, 2 drams of cinnamon, 12 almonds and as 
many nuts, ½ pound of sugar and as much  achiote  to give color.   

 In reference to cocoa’s nutritional value, Stubbe noticed how the British soldiers stationed in 
Jamaica, where many plantations had been organized, lived primarily on cocoa paste, mixed with 
sugar, which was then melted in water: again in subsequent times, chocolate and cocoa will be com-
monly used by the armies as one of the main genres of livelihood and solace. 

 Stubbe, Charles the II’s doctor and philosopher Thomas Hobbes’ friend, dedicated his treaty to 
famous colleague Thomas Willis, enumerating some cases in which the use of chocolate seemed 
extremely positive and offering clues of confrontation of great interest: expectorant, diuretic, aphro-
disiac. Chocolate was suitable to cure the “hypochondriac melancholy,” caused by the veins’ obstruc-
tion by the black bile, accompanied by stomach weakness and weight loss  [  15  ] . Most probably his 
most important source was Doctor Francisco Ferdinandez, prominent personality in Philip the II’s 
Mexico, to whom William Hughes also referred in his ethnobotanic work on plants that grow in the 
English plantations in America, in 1672  [  16  ] . 

 During the seventeenth century and in the  fi rst half of the next century, this controversy was con-
sumed within the medical context, and it was also subject of some degree thesis at the medical faculty 
of Paris, between 1684 and 1736  [  17  ] . 

 It seems particularly signi fi cant, in this perspective, in Franciscus Foucault’s thesis, discussed in 
1684 at the medical faculty of Paris, under M. Stephanus Bachot’s presidency  [  18  ] : after a brief intro-
duction on the different kinds of foods, at Chap.   5    , the use of chocolate is described, “massula quae-
dam, seu confection omnium exquisitissima,” prepared with vanilla  fl avor, “Ambarum Grisium, 
Ambaro Moschus, Cinnamomum, Zuccarum.” 

http://dx.doi.org/10.1007/978-1-61779-803-0_5
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 The preparation methods were diverse, just as the forms in which it could be packed (“in rerum omnium 
simulacra”): chocolate taste was so pleasant that the author concluded, almost in a lapidary way:

  Ergo Chocolatae usus salubris, in quanto calorem nativum & robur viscerum sua caliditate & succitate moderata 
excitat,  fi rmat, coctionem iuvat, obstructiones solvit, alimenti distributionem, inutilium excretionem promovet, 
adipem cumulat; non est inimica Cerebro, est amica Veneri, animae & corpori opportunissima   . 1    

 Still from Paris the voice of Madame de Sevigné had raised, who, after her  fi rst enthusiastic adhe-
sion to the consumption of the exotic beverage, suggested categorically to her daughter, who was 
expecting a baby, to refrain from drinking chocolate during pregnancy because the “marquise de 
Coetlegon prit tant de chocolat étant grosse l’an passé qu’elle accoucha d’un petit garçon noir comme 
le diable qui mourut,” without thinking to the detail that her unfortunate friend was served chocolate 
by a black servant  [  19  ] . 

 The debate moved, then, on the spices: still according to the  Panckoucke Dictionary  printed in 
Paris in 1815, it was not correct to call  fl avorless chocolate  chocolat de santé , since it was less digest-
ible than the one in which they added vanilla and cinnamon  [  20  ] . 

 The “Indian chocolate,” which was very spicy, that Neapolitan doctor Giuseppe Donzelli inserted 
in his book, however, was made by following this recipe:

  You take Cocoa, cleansed of the rind, and well milled, 12 pounds, Cinnamon, beaten and passed through the 
sieve 1 pound, Anises, scorched, beaten and passed through the sieve ½ pound, Vanillas sticks (these are like 
pods, long, narrow and thin, of tawny color, of smell like balm, of rather sour taste) scorched, beaten and passed 
through the sieve at number of 6, of Mecacuce (this they say, that it be a seed like a Nut) 4 handful, or in place 
of Vanillas, and of Mecacuce, a Nutmeg and 12 cloves of Corn, or Indian Wheat scorched and beaten and gouged 
out the  fl ower to be sieved 3 pounds, of Aionzoli scorched, and milled 1 pound, or, in place of these Aionzoli of 
ambrosian Almonds scorched, and well milled ½ pound, of Achiote (this is a blood-red wood, like red sandal-
wood), ½ ounce, of Sugar, if desired, 4 pounds. You grind Sugar and Achiote, and stir everything diligently, and 
make bars in Orange leaves. When they are about to use it, those who want to use it, take ½ ounce of the com-
position thereof and ½ ounce of Sugar, and dissolve them in 6 ounces of hot water, and they drink it as hot as 
they can endure; many dip biscuits in it  [  21  ]   . 

 However, not all the doctors agreed on the bene fi cial effects of chocolate, and its detractors accused 
it to cause major health problems: in particular this debate, between the favorable and the opposed, 
started in Florence in the early eighteenth century, where only in 1728 four pamphlets were published 
that vouch this controversy. 

 The use of chocolate, in medical  fi eld, had also been faced by Antonio Vallisneri, when he had to 
discuss “of the use and abuse of beverages, and of the hot and cold wetting ” : he had been requested 
to judge the practice to consume hot the imported drinks: tea, coffee, and chocolate  [  22  ] . Not by 
chance, the re fl ection was stimulated by the Spanish doctors’ writings, whose metabolic system almost 
seemed to be different: “If the Spanish bowels are similar to ours, Italian, I know not.” 

 From this purely rhetorical question, Vallisneri got inspiration to con fi rm the bene fi cial effects 
of the hot drinks, compared to the cold ones, especially “on the old people, on the cachectics, on 
the  hypochondriacs, on the weak of stomach,” for it “awakens” the bile, which helps digestion; this 
opinion was supported by Giovan Battista Davini who emphasized the use of hot drinks as “Tea, 
Coffee, Chocolate,” because “Multum habeant spiritosae substantiae, salibusque turgeant volatilibus 
oleosis, attamen si bibantur frigida & gratiam, & robur videntur amittere nec juvant naturam, ut 
 consuerunt calide hausta. 2 ” 

 Davini invoked the expertise of chemists to con fi rm that the volatile substances’ properties were 
not enhanced, whenever the beverage was drunk cold. But the discussion was not at all solved.  

   1   Therefore the use of chocolate is salubrious [for] it excites and strengthens with its warmth mild juiciness the bowels’ 
inborn warmth and strength, it helps digestion, it fosters the spread of food and the secretion of the unnecessary, it 
accumulates fat, it’s not an enemy to the brain, it’s Venus’ friend and very suitable for body and soul.  
   2   Mostly they seem to have a spirituous substance, they seem to be full of volatile and oily salts, however, if one drinks them 
cold, they seem to lose their grace and strength and they are not a good for nature, like they usually are when drunk hot.  
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   Florence: The Medical Debate 

 The news about cocoa and chocolate of fi cially got in Florence starting from the end of the sixteenth 
century. However, the custom of drinking chocolate “to the use of Spain” dated back to 1668, according 
to what Giovanni Targioni Tozzetti reported, quoting an assertion by Tommaso Rinuccini, reported also 
by Antonio Cocchi:

  (…) it has been introduced in Florence this year 1668, commonly a beverage to the use of Spain, called Chocolate, 
and one of the Storekeepers aforesaid sells it in little clay cups, and it seems to be tasty be it hot, or cold  [  23  ].    

 In Florence, the scienti fi c controversy catalyzed between two peculiar personages, Doctor Giovan 
Battista Felici, great chocolate accuser, considering it “disorder (…) to shorten life” brought by “men’s 
intemperance,” and Francesco Zeti, “the Hunchback of Panone,” taking his nickname from the cof-
feehouse where he worked: Zeti was worried that all this “bad talking” about chocolate could provoke 
a decrease of customers and, fearing to be discharged in his turn, wrote a short book in defense of 
chocolate (Fig.  2.2 ).  

 Cocoa, according to Felici, could not be considered a cold substance, since plants take their quali-
ties from the places in which they grow and, therefore, “it contains a loose, fat and viscous substance, 
which can easily contain the particles of the heat”: the presence of “oil” and its “bitter taste” was a 
proof of it  [  24  ] . It is for this reason that, according to Felici, the custom spread to add some particular 
 fl avors in chocolate’s composition, such as cinnamon, vanilla, pepper, “cloves, amber and  acciotte  
and other similar, very hot spices.” Chocolate then had a sort of “slow, long lasting  fi re,” causing in 
the blood “signi fi cant fermentation which can spoil it,” since “it causes an extraordinary motion in the 

  Fig. 2.2    Detail of the title page from F. Zeti, Altro parere intorno alla natura e all’uso della cioccolata. Firenze, 1728 
(Reprinted with the permission of Biblioteca Nazionale Centrale, Firenze)       
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animal instincts; so, when it gets into the stomach, it makes us more able to perform our doings with 
vivacity.” 

 In the evaluation of the various substances’ nature in this period’s medical writings, it is evident the 
indirect contribution of increasing iatrochemistry, that particular medical movement arising during 
the 600, on the basis of spagyric tradition and of the  fi gure of Philipp Bombast Theophrast von 
Hohenheim, called Paracelsus, which started a new approach to the reality of the macrocosm and the 
human body. 

 With the suggestions generated from chemistry, the consequences of the use of chocolate even in 
the decomposition of the different parts of the blood were hypothesized, either for the “viscous nature 
of cocoa, able to enlarge excessively the body  fl uids,” preventing them from circulating, or for the 
“obstructions” caused by the impossibility of chocolate to spread “into all parts of the body,” still for 
its viscosity. 

 Heart palpitations, intermittent pulse, convulsive movements, and apoplexy could be induced by 
the use of chocolate, to whose negative effects contributed also the ingredients with which it was 
mixed, as cinnamon and vanilla, which contain “irritant, volatile and stinging substances, which can 
spoil in thousands of different ways the natural composition of the body  fl uids,” affecting also the 
nerves and, as a consequence, the animal instinct: equally negative feedback was given to sugar, 
whose viscosity was demonstrated by the use that painters made of it to blend the colors. 

 Damages to the  fl uids and damages to the solid parts of the body: adhering to the inner membrane 
of the stomach, chocolate inhibited the stomach’s gastric juices, corrupting the nerves “texture” as a 
result of its “constant contractions.” The muscles were also affected by this excessive contractile 
activity and the heart itself suffered: the cases in which the use of chocolate could be of bene fi t were 
the hemorrhages, as a proof the fact that “Florentine ladies (…) where healed from the copious blood 
loss, by the continuous use of chocolate, which they used as desiccant and astringent medicament.” 
These were Doctor Felici’s blames: Francesco Zeti’s answer was published the following year. He 
claimed to have commissioned an anonymous doctor (may be Girolamo Giuntini) a sort of defense of 
chocolate, to protect his own interests: regardless of its alleged quality of hot or cold substance, cocoa 
was not “replete of oleaginous and sulfurous parts” since it owns also a “milky spirit” which could 
have bene fi cial effects on the human body  [  25  ] . The fact that cocoa plant grows in warm places could 
not be a support to its quality, since there exist numerous plants which disprove this relationship: gold 
caper, Persicaria, calamus aromaticus, etc. 

 At this point, the pharmaceutical factories, which were particularly active in cocoa processing, 
elaborating personalized recipes even for cosmetic purposes, were involved in this debate. Among 
them, the Of fi cina Farmaceutica in Santa Maria Novella was particularly dynamic: right after an inspec-
tion at Santa Maria Novella’s drugstore on November 23, 1751, by a medical committee in which 
Giovanni Targioni Tozzetti also participated, chocolate was served in silver bowls in the Green Room. 

 The different views were summarized, a few years later, by Giovan Battista Anfossi, who examined 
in a very detailed way the various authors’ opinions, referring most of all to the English authors, like 
Stubbe, who represented an original voice in this debate, coming from a different cultural environ-
ment, compared to the Spanish-speaking authors  [  26  ] . 

 Through the lines of his dissertation, in addition, new issues came up, compared to the previous 
authors: enumerating the critics of which chocolate was object, in fact, Anfossi did not limit to  mention 
the “stubborn Galenics,” who based their beliefs on the qualities of the various substances, but he 
referred to the “Professors of more reasonable Systems.” 

 Numerous “systems” came into vogue during the eighteenth century, most of which are of no 
importance whatever, but three, at least, that came into existence and disappeared during the century 
are worthy of fuller notice. The Animists had for their chief exponent Georg Ernst Stahl of “phlogis-
ton” fame; the Vitalists were championed by Paul Joseph Barthez (1734–1806); and the third were the 
Organicists. This last, while agreeing with the other two that vital activity cannot be explained by the 
laws of physics and chemistry, differed in not believing that life “was due to some spiritual entity” but 
rather to the structure of the body itself. 
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 The doctors’ interest, in fact, was addressed to the elaboration and the study of general theories 
about the human organism’s functioning, with different levels of complexity, related to the in fl uence 
of the philosophical ideas. This whole of physiological, pathological, and therapeutic principles was 
deeply in fl uenced by different schools of thought and was very theoretical. 

 Eventually, the de fi ciencies and failures of eighteenth-century medical systems became all too 
 apparent: an echo of this debate is felt in Anfossi’s pages. It is interesting to note that Anfossi referred 
to chocolate’s implementation even for a topic use as cocoa “butter,” solving unequivocally the riddle 
about the use of chocolate in curing hemorrhoids, which was transmitted by previous authors, apparently 
colliding with the most elementary precautions to be taken to avoid the annoying inconvenience.  

   Fin De Siècle 

 The eighteenth century counts many other statements on the medical use of cocoa and chocolate, not 
last the one from Carl von Linné (Linnaeus), in which are summarized chocolate qualities, as nourish-
ment and as therapeutic substance (Fig.  2.3 )  [  27  ] .  

  Fig. 2.3    Chiseled, watercol-
ored etching by Jan Pieter 
Sluyter, 345×270 mm. In: 
Maria Sibylla Meria: 
Dissertatio de generatione et 
metamorphosibus insectorum 
surinamensium. Tav 63. 
Amsterdam, apud Johannem 
Oosterwyk, 1719 (Reprinted 
with the permission of 
Biblioteca Nazionale 
Centrale, Firenze)       
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 Linnaeus identi fi ed three kinds of illnesses in which chocolate could be used appropriately: loss of 
weight, as a consequence of lung and muscle diseases, hypochondria, and hemorrhoids, adding also that 
it was an excellent aphrodisiac, con fi rming a tradition already existing in the pre-Columbian culture. 

 Later, in Blancardi’s work, it is stated that “Chocolata (…) praeparatur cum lacte, vel aqua cocta et 
servida, atque agitando Chocolata liquescit, et sorbendo calide bibitur. Potus est nutriens, senibus, 
debilibus utilissimus”  [  28  ].  

 After Lardizabal  [  29  ]  and Buchan’s works  [  30  ] , the century ended with Antonio Lavedan’s work, 
who claimed, again on the basis of the previous tradition, that chocolate was a sort of universal medi-
cine, since it stimulates natural warmth and the heart, decreasing  fl atulence, resolving constipations, 
helping digestion and appetite, increasing virility, and slowing down white hair growth, prolonging 
signi fi cantly lifetime. The history of the medical use of chocolate had reaches its peak (Table  2.1 ).  

 In his work, much space is given to the “chocolats de santé” or “chocolats thérapeutiques du 
médicinaux,”  [  31  ]  with which another chapter in the history of chocolate for a therapeutic use started, 
destined to relegate it in the role of an excipient. 

 From being medicine books’ subclasses, in fact, cooking books, together with dietetics, progres-
sively emancipate, acquiring their own identity, as a result of the rationalizing effort of French 
Enlightenment: the road of therapy splits from that of taste, and chocolate will mainly maintain its 
leading role of excipient, bearing the burden, over time, of a negative valence, generating a  topos  in 
medical and nonmedical literature, in which it will be associated to obesity, dental problems, unhealthy 
regimen of life, and so forth. 

 The rehabilitation of chocolate will occur only in recent times, positively recapturing international 
scienti fi c magazines’ pages and restoring that value that Linnaeus himself credited to chocolate, calling 
the generous plant  Theobroma Cacao , food of the gods  [  32  ] .      
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 Key Points 

    Cocoa pulp juice (sweatings) may be made into a fruit drink either alone or in combination with • 
other fruit juices. It may also be used for making jam and marmalade. Moreover, commercial-
grade pectin may also be extracted from it.  
  Fermentation of the sugars in cocoa pulp juice (sweatings) leads to the production of alcoholic • 
drinks (gin and brandy) and also the production of wine and vinegar.  
  Dried cocoa pod husk may be used as a feed ingredient for poultry (10%), pigs (25%), and sheep • 
(40%). Fresh/wet pod husk has been fed to pigs at 300 g/kg of the ration. Fermentation of cocoa 
pod husk with  Pleurotus ostreatus  improved its feeding value and increased its usage in broiler 
 fi nisher diets to 20%.  
  The ash produced when sun-dried cocoa pod husk is burnt contains about 40% potash, which can • 
be used as the alkali for the making of soft soap and liquid soap. The ash may also be converted 
into a potassium-rich fertilizer by adding starch and then pelletizing the mixture.  
  Cocoa butter can be extracted from discarded cocoa beans and may be used in the production of • 
toilet soap, soft soap, and body pomade.  
  A feasibility study, conducted as part of the ICCO/CFC/COCOBOD-funded cocoa by-products • 
project, indicated that there is the potential for cocoa farmers to enhance their incomes through the 
processing of cocoa waste into the developed by-products.    
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    Introduction 

 Over the years cocoa has been cultivated mainly for the beans, with the rest of the fresh fruit being 
discarded. The beans make up about 33% of the fruit by weight (Fig.  3.1 )  [  1  ] . There are many other 
by-products of cocoa that could be generated from the rest of the fruit and that could form the basis 
of small- and medium-scale industries in cocoa-producing countries.  

 A. W. Knapp  [  2  ]  suggested that from its composition, cocoa pulp juice (sweatings) could be used 
to produce soft drinks, industrial alcohol, citric acid, vinegar, and cocoa jelly. In the chocolate manu-
facturing countries, where dry beans were on hand in large quantities, utilization of the shell wastes 
was the subject of much research  [  3  ] . In Brazil the use of cocoa sweatings for jelly manufacture 
started as a small-scale industry several decades ago  [  4  ] , while the fresh pod husk waste was tested 
for its suitability as cattle feed in the early 1950s. In Ghana, a very old rural soft soap industry based 
on cocoa pod husk (CPH) potash has gained greater importance as an export trade in and beyond West 
Africa over the past decade  [  4  ] . 

 The Cocoa Research Institute of Ghana (CRIG) initiated research into cocoa by-products, in mid-
1965, by setting up a committee of experts, with representatives from the University of Ghana, to 
identify by-products that could be produced from cocoa. From 1982 to 1986, and in collaboration 
with the Departments of Animal Science of the University of Science and Technology and the 
University of Ghana as well as the Animal Research Institute (ARI), poultry and livestock feeding 
trials were carried out. Further collaboration between CRIG and the Mechanical Engineering 
Department of the University of Science and Technology led to the production and utilization of CPH 
as a source of potash fertilizer for different crops. 

 In 1992 cocoa by-products research received a further boost with the establishment of the New 
Products Development Unit of CRIG. The unit was to be responsible for the development of new prod-
ucts, assessment of the economic viability of new products, and promotion of the use of cocoa 
products generally. In 1993 the unit received  fi nancial support through the International Cocoa 
Organisation (ICCO)/Common Fund for Commodities (CFC)/Ghana Cocoa Board (COCOBOD)-
funded project to develop by-products from cocoa.  

  Fig. 3.1    Relative distribution 
of cocoa by-products that go 
to waste on cocoa farms 
(Courtesy of Dr. M.R. 
Appiah)       
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   By-Products from Cocoa Pulp Juice (Sweatings) 

   Description 

 Cocoa beans are surrounded by an aromatic pulp (Fig.  3.2 ) that arises from the bean teguments. The 
mucilaginous pulp is composed of spongy parenchymatous cells containing cell sap rich in sugars, 
citric acid, and salts  [  5  ] . After harvesting, the ripe pods are broken open and the beans removed and 
placed in baskets for transport to fermentaries (Fig.  3.3 ). The bruising of the pulp during handling and 
the pressure of the weight of the mass release some of the pulp juices, which trickle from the collected 
bean mass as a slightly turbid, whitish liquid. This liquid is known in the industry as cocoa pulp juice 
or sweatings. It is a common practice for laborers and children to collect these drippings in makeshift 
containers and use as a refreshing drink.    

   Collection 

 In the traditional method of cocoa fermentation, pulp juice is allowed to drain to waste from fermenta-
tion baskets, sweat boxes, and heap fermentation under gravity. Dwapanyin  [  6  ]  had shown that the 
collection of some sweatings from the beans before fermentation did not affect the bean quality. 
Further work by Adomako and Takrama  [  7  ]  led to the development of an improved method for the 
collection of large volumes of sweatings within a short time. 

 Polytanks, normally used for water storage are modi fi ed by cutting open the top and perforating the 
bottom. The modi fi ed polytank is mounted on a wooden platform with a hole in the middle, into 
which the perforated end of the polytank  fi ts. An assembly of perforated polyvinyl chloride (PVC) 
pipes are placed vertically in the tank to aid the  fl ow of pulp juice. The tank is  fi lled with fresh cocoa 
beans and covered with a circular wooden board. Some pressure is exerted by means of weights to 
facilitate the  fl ow of pulp juice. The juice is collected through a funnel into a plastic receptacle placed 

  Fig. 3.2    A cocoa pod broken open to show the beans surrounded by mucilaginous pulp       
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below the tank (Figs.  3.4 ,  3.5 ,  3.6 , and  3.7 ). The pulp juice is immediately dosed with 0.15 g/L of 
potassium metabisulphite to prevent early deterioration due to microbial action. Using this method, 
100–150 L of sweating may be collected per ton of wet cocoa beans.     

 Gyedu and Oppong  [  8  ]  used a screw press extractor to extract cocoa pulp juice. With this method, 
the yield of pulp juice was 175.5 L/t.  

   Physicochemical Analyses of Fresh Cocoa Pulp Juice 

 The main sugars present in cocoa pulp juice are sucrose, glucose, and fructose. Predominant minerals 
include potassium (K), sodium (Na), calcium (Ca), and magnesium (Mg) (Table  3.1 )  [  8,   9  ] . Pectin 
obtained from cocoa pulp juice compares favorably to that from apples, lemon, and pawpaw, which 
are the main sources of commercial pectin  [  4  ] .   

   Usage 

 In late 1969, following Greenwood-Barton’s review paper  [  10  ]  on the occurrence of substantial 
amounts of pectin and neutral polysaccharides in cocoa pod husk, CRIG received enquiries from 

  Fig. 3.3    Cocoa beans ready 
to be transported to the 
fermentary       

 



  Fig. 3.4    A polytank       

  Fig. 3.5    A polytank with a 
perforated  bottom   fi tted with 
an assembly of perforated 
polyvinyl chloride ( PVC ) 
pipes       

 

 



28 E.O.K. Oddoye et al.

  Fig. 3.6    A polytank setup being  fi lled with fresh cocoa beans       

Europe concerning cocoa pectin. Results of the pectin studies showed that the pectin in cocoa pod 
husk was of low grade, very much like sugar beet pectin, which has little or no commercial value. In 
contrast, the pectin from cocoa pulp juice (sweatings) was of high grade and similar to lemon and 
apple pectin used in commerce  [  11,   12  ] . 

 Gyedu and Oppong  [  8  ]  reported on cocoa sweatings as a potential raw material for the develop-
ment of soft drinks. A natural shelf-stable, ready-to-serve fruit juice was prepared using cocoa sweat-
ings, sugar, and water. The authors also reported on the production of shelf-stable jam and marmalade 
using cocoa sweatings as one of the ingredients. Selamat et al.  [  13  ]  also reported on the development 
of juice from cocoa pulp as well as mixed juices from cocoa sweatings with either mango, guava, or 
coconut. The combination of cocoa sweatings and mango proved to be the best. 

 Cocoa pulp juice contains between 10% and 18% of fermentable sugars  [  14,   15  ] . The pulp juice can 
therefore serve as a suitable medium for fermentation. Fermentation of the sugars in cocoa sweatings by 
naturally occurring yeasts led to the production of alcohol, which was distilled (triple distillation) and 
blended into gin and brandy of the  fi nest quality  [  16  ] . Wine was developed from cocoa sweatings by 
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pasteurizing the sweatings to destroy these natural yeasts, and introducing a speci fi c wine yeast  [  17  ] . 
The second stage of this fermentation process (fermentation with  acetobacter ) led to the production of 
vinegar that was light brown/orange in color, had a pH of 3.07, speci fi c gravity of 1.029, and an acetic 
acid content of 6.54% (measured as percentage of total acids w/v)  [  18,   19  ] .   

   By-Products from Cocoa Pod Husk 

   Description 

 Cocoa pod husk may be described as the leftover pod material of the matured cocoa fruit, after the wet 
cocoa beans, sweatings, and placenta have been removed. It is often discarded as waste/residue during 
the processing of raw cocoa beans on the farm.  

  Fig. 3.7    Collection of cocoa 
pulp juice by the polytank 
method       
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   Preparation and Storage of CPH for Animal Feed 

 Preparation of CPH is an important determinant of its  fi nal quality. The husk needs to be dried as 
quickly as possible to prevent deterioration due to attack by fungi. At CRIG, this is done by  fi rst pass-
ing fresh pods through a slicing machine to increase surface area before sun drying. After 24 h, when 
moisture is about 65%, the partially dry material is passed through a mill, which grinds and pellets the 
husk. The pelleted, wet husk is then further sun-dried for an additional day or two, depending on the 
weather, to a moisture content of about 10% and stored for future use. Where such machinery is not 
available, the key to producing quality CPH is to dry it as quickly as possible by increasing the surface 
area through slicing or chopping the material with a knife.  

 Parameter 

 Composition 

 Gyedu and Oppong  [  8  ]   Anvoh et al.  [  9  ]  

 PH  3.66  3.75 
 Ref. index  1.358 
 Spec. gravity  1.067 
 Moisture (%)  85.30 
 Ash (%)  3.76 
 Fat (%)  3.54 
 Soluble solids (%)  16.0 
 Total soluble solids (EBrix)  16.17 
 Total solids (%)  18.2 
 Protein (%)  0.41 
 Total proteins (g L −1 )  7.2 
 Total sugars (%)  7.5 
 Citric acid (%)  0.65 
 Citric acid (mg L −1 )  9.14 
 Titratable acidity (meq L −1 )  170 
 Malic acid(mg L −1 )  3.6 
 Acetic acid (mg L −1 )  2.28 
 Oxalic acid (mg L −1 )  1.27 
 Lactic acid (mg L −1 )  1.23 
 Fumaric acid (mg L −1 )  0.02 
 Vitamin C (mg L −1 )  18.3 
 Citric acid (mg L −1 )  9.14 
 Malic acid (mg L −1 )  3.6 
 Sucrose (mg ml −1 )  107.6 
 Glucose  23.3 (mg/ml)  214.24 (g L −1 ) 
 Fructose (mg ml −1 )  10.6 
 Saccharose (g L −1 )  21.31 
 Pectin (%)  1.33 
 K  0.090 (mg 100 ml −1 )  950.0 (mg L −1 ) 
 Na  0.085 (mg 100 ml −1 )  30.5 (mg L −1 ) 
 P  0.023 (mg 100 ml −1 )  62.47 (mg L −1 ) 
 Ca  0.089 (mg 100 ml −1 )  171.5 (mg L −1 ) 
 Mg  0.086 (mg 100 ml −1 )  82.5 (mg L −1 ) 

   Table 3.1    Physicochemical 
composition of cocoa pulp 
juice (sweating)   
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   Nutrient Analysis and Antinutritional Factors 

 Several studies have been made on the composition of CPH. Table  3.2  summarizes some of these 
studies  [  20–  24  ] . Cocoa pod husk also contains a mixture of condensed or polymerized  fl avonoids 
(anthocyanidins, catechins, and leukoanthocyanidin), sometimes linked with glucose  [  25  ] . Tannins 
(1–4%) have been detected in CPH  [  24,   26  ] . Theobromine, the main alkaloid in CPH, has been 
detected at 0.3–0.4%, but this is negligible compared to the proportions in cocoa bean cake (1.5–3.0%) 
and cocoa bean shell (0.7–1.9%)  [  20,   27  ] .   

   Use of CPH as an Animal Feed Ingredient 

 Several poultry and livestock feeding trials were conducted by CRIG, in collaboration with the 
Department of Animal Science of the University of Ghana, Legon and the Kwame Nkrumah University 
of Science and Technology, Kumasi, as well as the Animal Research Institute of the Council for Scienti fi c 
and Industrial Research. The trials also studied digestibility, egg laying, and carcass quality of animals 
fed with rations containing CPH. Results of these studies indicated that CPH can be incorporated into 
animal feeds at the following optimum levels: poultry, 10%; pigs, 25%; sheep, 40%  [  22,   28–  36  ] . 

   Table 3.2    Chemical composition of cocoa pod husk   

 Component 

 Falaye and 
Juancey  [  20  ]   
 (%) 

 Sobamiwa  [  21  ]  
 (%) 

 Donkoh et al.  [  22  ]  
 (%) 

 Okai et al.  [  23  ]  
 (%) 

 Alemanor et al.  [  24  ]  
 (g kg −1 ) 

 Dry matter  89.1  –  94.60  –  890 
 Ash  9.80  9.14  10.10  10.0  91 
 Calcium  –  0.32  0.81  0.88  8.14 
 Phosphorus  –  –  0.44  0.48  4.39 
 Magnesium  –  –  0.69  0.71 
 Iron  –  –  0.03  0.04 
 Potassium  –  –  7.18  7.36 
 Manganese  –  –  0.02  0.01 
 Crude protein  7.80  5.94  7.66  7.40  91.4 
 Crude  fi ber  33.40  22.59  32.50  –  357 
 Ether extract  1.80  1.24  4.37  8.20  99.6 
 Nitrogen-free extract  35.30  62.17  –  –  93.6 
 Metabolizable energy  –  –  4.72 MJ/kg  – 
 Gross energy  –  –  –  – 
 NDF  –  –  52.20  64.4  598 
 ADF  –  –  41.4  56.4  470 
 Lignin  –  14  –  – 
 Acid-insoluble lignin  209 
 Cellulose  –  35  –  –  262 
 Hemicelluloses  –  11  10.80  8.0  128 
 Pectin  –  6  –  – 
 Nitrogen  –  –  –  – 
 Theobromine  0.30  –  –  – 
 Tannin  11.88 

   NDF  neutral detergent  fi ber,  ADF  acid detergent  fi ber  
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 Similar results were obtained in other countries  [  37–  44  ] . The use of CPH in diets for tilapia has 
also been reported  [  20  ] . In Cameroon the usual blend of tilapia feed (blend of cornmeal, wheat bran, 
and rice), which costs 35 US cents/kg, was reduced to 2 US cents/kg when CPH replaced 200 g/kg of 
feed  [  45  ] .  

   Improving the Feeding Value of CPH 

 The addition of alkalis to  fi brous feedstuffs to improve their feeding value is a well-known technique. 
There are, however, contrasting reports as to its effectiveness for CPH. Tuah and Orskov  [  46  ]  observed 
a slight decline in dry-matter disappearance of CPH (40.6–39.4%) following ammonia (3.5%) treat-
ment and subsequent 48-h incubation in the rumen of cannulated sheep using the nylon bag technique. 
Tuah  [  47  ]  also observed an insigni fi cant increase in the in vitro dry-matter digestibility of CPH after 
NaOH (5%) pretreatment. Smith et al.  [  39  ]  used different concentrations of CPH ash solutions as their 
alkaline agent to treat CPH and observed a linear increase in the rumen degradability of CPH. The 
authors also reported that the improvement in rumen degradability was similar to that obtained by 
using NaOH solutions of equivalent alkalinity. 

 A series of experiments by Alemawor et al.  [  48,   49  ]  have indicated the possibility of using extra-
cellular enzymes and bioconversion with  Pleurotus ostreatus  (oyster mushroom) to enhance the feed-
ing value of CPH. The optimum level of inclusion of  Pleurotus ostreatus -fermented CPH and 
enzyme-supplemented CPH in broiler  fi nisher diets was 200 and 100 g kg −1 , respectively  [  24  ] .  

   Wet Feeding of CPH 

 Sun drying is the usual method of drying CPH as other drying methods have proven expensive, given 
the low nutrient content of CPH. This led to experiments by Oddoye et al.  [  50  ]  to investigate the pos-
sibility of feeding CPH fresh or wet. The authors included fresh/wet CPH in growing pig feeds at up 
to 300 g kg −1  (on air-dry weight basis) of the diet without any deleterious effects.  

   CPH as a Source of Alkali for Soap Making 

 The ash produced when sun-dried CPH is burnt in a kiln contains about 40% potash  [  4,   51  ] . This potash 
is made up of about 43% potassium carbonate and 27% potassium hydroxide and can be used as the 
alkali for the making of soft soap, traditionally known as  alata samina . Water is percolated through the 
ash to dissolve the potassium salts. The resulting solution is evaporated to dryness and the potash salt 
produced stored for later use. Soap making uses a traditional method. A mixture of vigorously boiling 
cocoa butter and palm kernel oil in the ratio 1:10 is saponi fi ed with potash salt (potash salt dissolved in 
water) in a galvanized pot placed over a heat source. The contents of the pot are continuously stirred 
and beaten until a thick soap mass is produced. The pot is temporarily covered, and carbon dioxide, 
generated from the carbonate component during the saponi fi cation reaction, causes the soap mass to 
rise in the form of a foam. The soap foam is scooped and air-dried after which it is packaged  [  52  ] . 

 In the production of liquid soap, the initial potash solution obtained after percolating water through 
the CPH ash is not evaporated to dryness. Instead calcium hydroxide is added to the solution, convert-
ing the carbonate portion of the potassium salt to hydroxide. Calcium carbonate, formed as a result, is 
allowed to sediment. The supernatant is drained off and used in liquid soap production. A blend of 
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coconut and palm kernel oils is heated to about 80°C. The caustic potash solution is added a little at a 
time while stirring until an emulsion is formed. The emulsion is allowed to boil for about 2 h with the 
regular addition of water to reduce the rate of reaction. The heating process is stopped when a clear 
emulsion is obtained. The liquid soap is allowed to cool overnight, which also allows unsaponi fi able 
matter to sediment. This product is still under development.  

   CPH as a Potash Fertilizer 

 Most farmers leave the empty pods to rot on their farms. While this should have been a good practice, 
as it would return nutrients to the soil, the pods also serve as a reservoir for the causative agent of the 
cocoa black pod disease. As a result, farmers are being encouraged to remove the pods from their 
farms after harvesting. CPH ash has, however, been converted into a potassium-rich fertilizer by the 
addition of starch and then pelletizing the mixture. The results, when tested on farm, were encourag-
ing  [  53  ] . Reports from Nigeria also indicated the use of cocoa pod husk as a fertilizer for maize pro-
duction  [  54  ] .   

   By-Products from Discarded Cocoa Beans 

 Cocoa butter extracted from discarded cocoa beans, with little or no commercial value, has been used 
in the production of toilet soap and body pomade  [  55,   56  ] . It has also been used in the production of 
soft soap  [  52  ] . Useable beans are selected from the discards. These are then roasted and milled. Water 
is added to the milled material and boiled. The cocoa butter  fl oats to the top and is skimmed off, 
washed, dried, and stored for further use.  

   By-Products from Cocoa Bean Shell 

 During processing of cocoa beans, the seed coat or testa is removed. This is known as the cocoa bean 
shell. Ayinde et al.  [  57  ]  reported that untreated cocoa bean shell could be included in rabbit diets at a 
level of 100 g/kg. After treatment with hot water, however, it could be included at 200 g/kg. The major 
use of cocoa bean shell is as a mulch. This mulch contains approximately 2.5% nitrogen, 1% phos-
phate, and 3% potash as well as a natural gum that is activated when watered. This enables the cocoa 
shell mulch to slow soil moisture loss through evaporation as well as retarding weed growth  [  58  ] . The 
texture of the cocoa shell also deters slugs and snails and helps prevent plant damage  [  59  ] . Cocoa bean 
shell mulch has been implicated in methylxanthine toxicosis in dogs. Methylxanthine is a breakdown 
product of theobromine, one of the main alkaloids in cocoa  [  60  ] .  

   Other By-Products of Cocoa 

 At the International Workshop on Cocoa By-Products held in Ghana in 2003, the delegation from 
Malaysia indicated other by-products that they had developed from cocoa. These by-products are 
listed in Table  3.3   [  61  ] .   
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   By-Products as a Way of Increasing Farmer Income 
and Alleviating Farmer Poverty 

 There has been a growing concern among governments of cocoa-producing countries in the world, 
particularly in Africa, on the increasing poverty among cocoa farmers. The low yield obtained by the 
cocoa farmer has resulted in some social and economic consequences such as low incomes, poor farm 
maintenance arising from high incidence of pests and diseases, and increased deforestation. As a 
result, the youth from the cocoa-producing areas are not  fi nding cocoa farming attractive enough and 
are thus drifting into the urban areas in search of nonexisting jobs. 

 A feasibility study, conducted as part of the ICCO/CFC/COCOBOD-funded cocoa by-products 
project, indicated that there is the potential for cocoa farmers to enhance their incomes through the 
processing of cocoa waste into the developed by-products in all cases except the production of indus-
trial alcohol, which only results in an unattractive 3% enhanced income. The other products result in 
an enhancement of revenues ranging between 13% and 18%  [  62  ] .  

   Problems with Utilization of Cocoa By-Products 

 The logistics involved in the evacuation of cocoa by-products (fresh pods, pulp juice) from the farm 
gate to a processing factory in an urban center are quite enormous. Cocoa farming, as practiced in 
Ghana, is made up of several small farmers scattered all over the six cocoa growing regions, and this 
makes the collection of by-products a headache for any potential investor. Such small farmers would 
probably not generate enough by-products. A more realistic approach would be to process at the district 
level (farmers’ cooperative) or on large plantations. Cooperatives could also organize central process-
ing of raw materials collected from, or delivered by, their members and successfully run a pro fi table 
enterprise, generating additional revenue for member farmers in the process. Products derived solely 
from cocoa would, perhaps, be most suitable for such strategies rather than those which combine cocoa 
by-products with other inputs. Products that would fall into this category, either as products suitable for 
retail or as intermediate products for sale to other processing industries, would include pure CPH ani-
mal feed, potash, alcohol, pectin, and cocoa butter extracted from cocoa beans discards. 

 It has not been easy getting farmers to adopt new methods that will allow for the collection of raw/
waste materials, for example, cocoa sweating. Furthermore, apart from the production of alcohol, all 
other products require that the sweatings be quite fresh and not have undergone deterioration. It is a 
major challenge collecting and keeping the sweating fresh until they are processed. 

 By-product  Source 

 Cocoa gum  Pod husk, leaves, and chupons 
 Activated carbon  Pod husk 
 Dietary  fi ber  Shells 
 Pectic enzyme  Pod husk 
 Methylxanthine  Shells, leaves, beans, and chupons 
 Theobromine  Shells and beans 
 Polyphenols  Shells, leaves, pod, and branches 
 Particle boards  Shells 
 Essential oils  Leaves, chupons,  fl owers, and pod husk 
 Compost  Pod husk 
 Biogas  Pod husk 

   Table 3.3    Other by-products 
that may be produced from 
cocoa waste   
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 Another major problem has to do with the drying of cocoa pod husk for animal feed. Researchers 
have relied on sun drying as a means of reducing cost as the cost of fossil fuels or electricity for drying 
is rather prohibitive. For large volumes of material, however, this may not be wholly appropriate. 

 Cocoa pod husk is very  fi brous, which limits its use in monogastric diets. With the development of 
the use of enzyme preparations in feed formulations and the use of bioconversion, future work will 
have to examine whether these techniques would allow a higher proportion of CPH to be used in 
monogastric feeds.      
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    Primary Processing of Cocoa 

 Raw cocoa has an astringent unpleasant taste and has to be fermented, dried, and roasted to obtain 
the characteristic “cocoa” taste and  fl avor. The fermentation and drying steps are often referred to 
simply as “curing.” The cocoa beans originate as seeds in fruit pods of the tree  Theobroma cacao . 
Each fruit pod contains 30–40 beans embedded in a mucilaginous pulp. The pulp is rich in glucose, 
fructose, and sucrose (total content 10–15%), and the initial pH is relatively low (pH = 3.3–4.0), 
primarily due to a high concentration of citric acid (1–3%). A relatively high content of pectin and 
other polysaccharides (1–2%) makes the pulp viscous, limiting diffusion of air  [  1–  4  ] . The actual 
fermentation takes place in the pulp, where microbiological activity in the pulp leads to the initiation 
of various biochemical processes important for taste and  fl avor development inside the beans, pro-
cesses that continue during the drying step. A further purpose of the fermentation is to facilitate 

    Chapter 4   
 The Microbiology of Cocoa Fermentation       

      Dennis   S.   Nielsen ,         Michael   Crafack ,          Lene   Jespersen ,      and    Mogens   Jakobsen            

 Key Points 

    Fermentation is an essential step in the development of “cocoa” or “chocolate”  fl avor.  • 
  The fermentation is carried out by a complex consortium of microorganisms.  • 
  Yeast, lactic acid bacteria, and acetic acid bacteria are involved.  • 
  Pulp sugars are metabolized into ethanol and acetic acid through exothermal processes.  • 
  Acetic acid and ethanol penetrate the beans and in combination with the heat generated kill the • 
germ and break down cell walls inside the beans, initiating the processes that lead to “cocoa” 
 fl avor.  
  Proper fermentation practices are important to avoid formation of mycotoxins.    • 
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removal of the mucilaginous pulp surrounding the beans as the pulp inhibit drying of the beans to a 
microbiological stable water content  [  5–  7  ] . 

 It is common practice in many cocoa-producing regions to harvest the pods over several days 
before the collected pods are transported to a place at the farm suitable for subsequent handling. 
Storing the pods for some days before opening is considered bene fi cial for the fermentation, as it 
results in a more rapid increase in temperature during fermentation – and thus a faster fermentation – 
presumably because sucrose is converted to glucose and fructose  [  8–  11  ] . The pods are broken open 
with, for example, a cutlass or any other convenient tool, and the beans scooped out of the broken pod 
 [  6,   12  ] . It is important to avoid damaging the beans during opening, as damaged beans are more prone 
to mold attacks, leading to formation of mycotoxins such as ochratoxin A  [  13,   14  ] . 

   Fermentation 

 Following opening of the pods, the cocoa beans are spontaneously inoculated with a variety of micro-
organisms  [  5,   15–  18  ] . During the fermentation, various yeasts, lactic acid bacteria (LAB), acetic acid 
bacteria (AAB), and possibly  Bacillus  spp. develop in a form of succession, carrying out the fermen-
tation  [  1,   2,   4,   5,   16–  24  ] . The microorganisms metabolize the fermentable pulp sugars to ethanol. 
Subsequently, some of the ethanol is further oxidized to acetic acid through an exothermal process, 
causing an increase of the temperature of the fermenting mass to 45–50°C. The ethanol and acetic 
acid penetrate the beans. This, in combination with the heat produced, kills the germ and breaks down 
the cell walls in the bean, initiating the processes leading to well-fermented beans  [  2,   5,   16,   18,   21  ] . 
More details on the involvement and roles of different groups of microorganisms in the fermentation 
of cocoa are presented in other sections of this chapter. 

 Various cocoa fermentation systems have been developed. The heap fermentation system domi-
nates in Ghana and other West African countries  [  6,   12,   25  ] . In a heap fermentation, the beans are 
piled on and covered with plantain leaves (Fig.  4.1 ) or plastic tarpaulin. The cover protects the fer-
menting mass against insects and conserves heat  [  6,   25  ] .  

  Fig. 4.1    ( a ) Heap under construction; the beans are placed on plantain leaves. ( b ) Heap covered with plantain leaves 
(Picture courtesy of Susanne Hønholt)       
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 It is recommended to turn/mix the heaps every 24–72 h during the fermentation to ensure a uni-
form fermentation, enhance growth of bene fi cial microorganisms, and limit the growth of unwanted 
microorganisms  [  12,   26  ] . However, turning of the heaps by hand is tedious (Fig.  4.2a ); according to 
Baker et al.  [  12  ]  57% of the Ghanaian farmers do not turn their heaps. A more recent investigation 
by Aneani and Takrama  [  25  ]  con fi rmed this  fi nding, as they reported that 62% of Ghanaian farmers 
do not turn their heaps.  

 The fermentation progresses faster in the outer, well-aerated parts of the fermenting mass, as illus-
trated in Fig.  4.2b , where a heap fermentation has been opened after 48 h of fermentation and the 
beans of half the fermentation pushed aside. Three zones with varying degrees of fermentation can be 
recognized: (1) a thin, outer layer, where the beans are almost fully fermented and the pulp surround-
ing the beans has been broken down and drained away; (2) a middle zone, where the fermentation has 
progressed some; and (3) a central zone, where the beans are surrounded by a white mucilaginous 
pulp and have the same appearance as when they were removed from the pod. Turning is, in other 
words, necessary to achieve a  fi nal product with a uniform degree of fermentation. 

 To circumvent the laborious process of turning the heaps, an experimental tray-based system 
claimed to give high-quality beans in shorter time than the traditional heap system has been developed 
at the Cocoa Research Institute of Ghana (CRIG). In the tray system, the raw cocoa beans are placed 
in 10-cm deep trays, and 8–10 trays are stacked on top of each other, as illustrated in Fig.  4.3a . Air is 
allowed to circulate between the trays, ensuring aeration of the fermenting mass without turning the 
beans  [  27,   28  ] . Until recently, the tray system remained an experimental system, but during recent 
years, the system has caught renewed interest from chocolate producers and has now been distributed 
to several hundred farmers in Ghana  [  29  ] . The tray system has been found to change the aroma of the 
produced beans in a more fruity direction compared to traditional heap fermentations  [  30  ] .  

 A third system widely used in Brazil, Indonesia, Malaysia, and to some extent in West Africa, for 
example, is the box fermentation system  [  6  ] . As illustrated in Fig.  4.3b , a number of boxes (here, 
three) are arranged in a stair-wise manner on top of each other. Following pod breaking, the beans are 
placed in the top box. After 1–2 days of fermentation, the beans are moved to the middle box and, 
 fi nally, after 2–3 days of further fermentation into the lowest. The box fermentation systems facilitate 
turning, as the movement of the beans is aided by gravity and cocoa of good quality can be produced 
 [  6,   26  ] . However, a problem occasionally encountered during box fermentation is uneven temperature 
and oxygen distribution through the fermenting mass with the corners and areas around aeration holes 

  Fig. 4.2    ( a ) Turning of a heap fermentation. ( b ) Heap fermented for 48 h; the beans of half the heap have been pushed 
aside. Three zones with varying degree of fermentation marked  1  ( outer zone ),  2  ( middle zone ),  3  ( center zone ) (Pictures 
courtesy of D.S. Nielsen)       
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being better aerated and occasionally colder and less acidic than the rest of the fermenting mass, 
enabling molds to grow abundantly. Care must be taken with respect to adequate design and fermenta-
tion practice to avoid this  [  4,   26,   31,   32  ] . 

 Several other fermentation systems, including fermentation on drying platforms, in bags, barrels, 
baskets, and holes dug in the ground, have been used over the last century  [  6,   8,   18,   26  ] . However, 
these methods are not widely used. 

 Unfortunately, a  fi rm and easy-to-follow de fi nition of when to stop the fermentation has never 
been developed. As a consequence, fermentation time varies widely from country to country and 
even from farmer to farmer. As an example, it can be mentioned that in Ghana, some farmers fer-
ment their heap fermentations for 3 days, whereas others ferment for up to 7 days  [  12,   25  ] . 

  Fig. 4.3    ( a ) Tray fermentation. ( b ) Box fermentation of cocoa beans (Pictures courtesy of D.S. Nielsen)       
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However, even though no strict de fi nition of when to terminate the fermentation has been devel-
oped, the experienced farmer still has a good idea of when to stop fermenting and start drying. 
This is based on the smell of the fermenting mass (development of acetic odor from the activity of 
acetic acid bacteria), the internal and external appearance of the beans, and falling temperature of 
the fermenting mass  [  33,   34  ] .  

   Drying 

 The fermentation is stopped by drying the beans. The moisture content of the beans must be brought 
from the initial 40–60% to 6–7% to avoid growth of molds. Furthermore, biochemical processes 
important for  fl avor and color development of the cocoa beans take place during drying, and the dry-
ing process is thus essential for the production of high-quality cocoa. From the point of avoiding mold 
growth, it is desirable to dry as fast as possible, whereas from the point of view of proper  fl avor devel-
opment, drying should not be too fast. It has been established that drying should take at least 48 h to 
allow proper  fl avor development  [  6,   18,   35,   36  ] . 

 Two systems are used for drying: sun drying and mechanical drying. During sun drying, the beans 
are spread in a thin layer on, for example, bamboo mats raised from the ground (Fig.  4.4a ), plastic 
sheds, or concrete  fl oors. It is important to ensure uniform drying by mixing the beans regularly, 
breaking up clumps of beans, and so forth. Furthermore, the beans should be protected from rewetting 
by dew during the night and rain by covering the beans adequately (Fig.  4.4b ) or by collecting and 
moving the beans indoor during rain and at night  [  6,   18  ] .  

 Under sunny conditions, the beans dry within a week, but under cloudy or rainy conditions, drying 
may take up to 3–4 weeks. Obviously, prolonged drying increases the risk of mold growth and spoil-
age  [  6,   18  ] . 

 Mechanical drying is another option. Generally, hot-air dryers driven by wood or oil are employed. 
Numerous designs have been developed, but normally, indirect heating using heat exchangers is 
 preferred. The initial drying rate must be slow and with frequent mixing to achieve uniform removal 
of water and allow time for the  fl avor and aroma-precursor producing biochemical reactions to 
 complete. This is achieved by keeping the temperature at 60°C or lower and drying for at least 48 h 
 [  6,   18  ] . 

 Sun drying is the most widely used method for several reasons: First and foremost, sun drying is 
cheap, with no need to invest in expensive equipment and consumables (fuel). Furthermore, cocoa is 
very prone to contamination with smoke. If smoke from the heating source of the mechanical dryer 
reaches the cocoa owing to badly constructed or poorly maintained equipment, it will result in cocoa 
with smoky off- fl avors, which will severely limit the value of the product  [  6,   18  ] .  

   Further Handling 

 Following proper drying, the beans are ready for sale. Normally, the beans are stored and transported 
in jute bags or as bulk goods. Some cocoa-producing countries have established industry for further 
processing of the beans into cocoa butter, cocoa powder, cocoa mass, and chocolate, but typically, the 
fermented and dried beans are exported directly to Europe, the United States, Japan, and other parts 
of the industrialized world  [  6,   37  ] . Here the beans are roasted, de-shelled, and further processed into 
cocoa butter (the fat-containing part), cocoa powder (the defatted part), or used directly for production 
of chocolate.   
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   The Microbiology of Cocoa Fermentation 

 Early investigations by Preyer-Buitenzorg  [  84  ] , Koeppen  [  48  ] , and Bainbridge and Davies  [  44  ]  all 
showed that microorganisms were involved in the fermentation of cocoa. Over the last century, a 
number of studies have investigated the microbiology of cocoa fermentations, and especially during 
the last decade, our understanding of the process has greatly expanded with the publication of a num-
ber of studies taking advantage of molecular biology–based methods. 

  Fig. 4.4    ( a ) Sun drying on bamboo mats. ( b ) Beans covered to protect against rain (Pictures courtesy of D.S. 
Nielsen)       
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   Origin of Inocula 

 The fermentation of cocoa is a spontaneous microbiological process. The interior of undamaged, 
healthy pods are sterile or almost sterile, containing no more than a few hundred microorganisms per 
gram  [  5,   17,   38,   39  ] . 

 Faparusi investigated the occurrence of yeasts associated with cocoa at different stages from  fl ower 
to ripe pods. A number of yeasts often present in high numbers during the actual fermentation, such 
as  Candida krusei  (imperfect form of  Pichia kudriavzevii ) , Kloeckra apiculata  (imperfect form of 
 Hanseniaspora uvarum ), and  Pichia membranifaciens,  were detected at the different stages of 
 maturation  [  38  ] . The incidence of yeasts isolated from mature, aseptically opened pods differed from 
farm to farm. The incidence of  P. membranifaciens– infected pods differed from 25% to 50% among 
the  fi ve farms investigated, whereas the incidence of  Saccharomyces  spp.–infected pods ranged from 
2% to 7.5% of the pods  [  38  ] . Maravalhas  [  31  ]  mentions the occasional isolation of  C. krusei  from the 
interior of aseptically opened pods, and Jespersen et al.  [  17  ]  reported that Ghanaian cocoa pods con-
tained around 10 2  yeast/g with  P. kudriavzevii  (then named  Issatchenkia orientalis   [  40  ] ) constituting 
80% of the isolates and  P. membranifaciens  20% of the isolates. 

 A wide range of yeasts have been isolated from the surface of Ghanaian cocoa pods, with 
 Hanseniaspora guilliermondii ,  Hanseniaspora opuntiae,  and  Pichia guilliermondii  being among the 
most frequently isolated  [  15,   17  ] . 

 Rombouts  [  47  ] , Ostovar and Keeney  [  43  ] , Jespersen et al.  [  17  ] , and Daniel et al.  [  15  ]  all isolated a 
wide range of yeasts involved in the fermentation of cocoa from equipment such as knives used for 
pod breaking, fermentation boxes, pod surfaces, dried pulp, and from workers’ hands. Furthermore, 
plantain leaves used for covering the fermenting mass have been suggested as a source of inoculation 
as well  [  41  ] . 

 The fruit  fl y  Drosophila melanogaster  and other insects such as ants are another possible (and pos-
sibly underestimated) source of inoculation  [  42,   43  ] . During cocoa fermentations,  D. melanogaster  is 
present in numbers so high that it is even referred to as “the cocoa  fl y” in a few early publications  [  44, 
  45  ] . Early experiments by Nicholls  [  45  ]  suggested that  D. melanogaster  plays an important role in 
inoculating the cocoa pulp with yeasts, and Bainbridge and Davies  [  44  ]  state that  D. melanogaster  is 
the main agent responsible for inoculating the fermenting mass with acetic acid bacteria. Ostovar and 
Keeney  [  43  ]  isolated three different AAB species, four different  Bacillus  spp., four different LAB 
species, and various yeasts from four fruit  fl ies collected at a cocoa farm on Trinidad. All isolated 
species were isolated from fermenting cocoa at the farm as well. In Brazil, it has been found that 
 Drosophila  spp. normally carries  P. kudriavzevii  ( C. krusei ) and is an important vector for transferring 
microorganisms between ecological niches  [  31,   42,   46  ] .  

   Overall Microbial Development During Fermentation 

 During the initial phases of the fermentation, growth of yeasts is favored due to the high sugar content, 
low pH (due to the relatively high content of citric acid), and limited oxygen availability in the pulp 
 [  18  ] . During the  fi rst 24–36 h of fermentation, the yeast population increase to 10 7 –10 8  CFU/g, nor-
mally followed by a steady decline throughout the rest of the fermentation  [  1,   2,   4,   21,   22,   47  ] . 
Climatic conditions have been reported to in fl uence the progress of fermentation  [  6,   21,   47,   48  ] . As 
an example, Jespersen et al.  [  17  ]  reported that during some Ghanaian cocoa fermentations carried out 
in December, one of the dry months in Tafo, Ghana  [  6  ] , yeast growth was slower, not peaking until 
after 48–72 h of fermentation. 
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   Table 4.1    Growth [log(CFU/g), standard deviations in brackets] of yeast, lactic acid bacteria (LAB), acetic acid 
bacteria (AAB), and  Bacillus  spp. during fermentation of cocoa in the outer (15 cm from the surface) and central parts 
of a large (500 kg) heap fermentation, a small (50 kg) heap fermentation (15 cm from surface), and a tray fermentation. 
All fermentations carried out in October. The large heap fermentation was turned after 48 and 96 h   

 Fermentation time (hours) 

 0  12  24  36  48  60  72  84  96  108  120  132  144 

 Yeast, log(CFU 
yeast

 /g) 

 Large heap, 
outer part 

 6.97  7.24  6.60  4.90  5.38  5.08  6.87  6.67  7.32  5.40  7.86  5.65  5.55 
 (0.04)  (0.03)  (0.21)  (0.43)  (0.25)  (0)  (0.02)  (0.16)  (0.34)  (0.02)  (0.12)  (0.14)  (0.14) 

 Large heap, 
central part 

 7.23  7.47  5.73  6.34  5.19  5.25  4.76  5.82  4.30  5.48  4.40  5.85  4.30 
 (0.21)  (0.12)  (0.02)  (0.06)  (0.16)  (0.07)  (0.06)  (0.06)  (0)  (0.04)  (0.71)  (0.10)  (0) 

 Small heap  7.38  8.03  6.68  5.53  5.88  3.75  5.96  4.99  4.30 
 (0)  (0.05)  (0.10)  (0.04)  (0.14)  (0.21)  (0.03)  (0.55)  (0) 

 Tray  7.45  7.57  7.18  6.33  6.49  4.25  5.55  6.58  4.29 
 (0)  (0.10)  (0.38)  (0.17)  (0.16)  (0.07)  (0.07)  (0.03)  (0.12) 

 LAB, log(CFU 
LAB

 /g) 

 Large heap, 
outer part 

 5.99  8.09  8.86  9.08  9.03  8.47  9.09  9.25  9.23  6.72  9.16  8.73  8.88 
 (0.12)  (0.04)  (0.15)  (0.11)  (0.10)  (0.02)  (0.27)  (0.03)  (0.12)  (0.03)  (0.06)  (0.07)  (0.03) 

 Large heap, 
central part 

 5.53  7.02  9.16  9.18  9.41  9.40  9.29  8.17  6.76  4.90  6.43  8.29  5.58 
 (0.04)  (0.03)  (0.13)  (0.04)  (0.05)  (0.01)  (0.08)  (0)  (0.05)  (0)  (0.05)  (0.12)  (0.04) 

 Small heap  6.25  8.35  8.36  9.06  9.15  8.93  8.60  6.37  N.D. 
 (0.07)  (0.21)  (0.18)  (0.16)  (0.18)  (0.18)  (0.60)  (0.10) 

 Tray  7.23  8.62  9.71  9.54  9.33  8.27  9.07  8.45  8.58 
 (0.21)  (0.03)  (0.10)  (0.34)  (0.04)  (0.04)  (0.18)  (0.04)  (0.19) 

 AAB, log(CFU 
AAB

 /g) 

 Large heap, 
outer part 

 5.60  N.D.  7.14  7.33  7.76  6.94  No data a   7.54  7.38  5.41  8.14  5.84  5.99 
 (0)  (0.02)  (0.17)  (0.02)  (0.01)  (0.06)  (0)  (0.05)  (0.09)  (0.34)  (0.12) 

 Large heap, 
central part 

 N.D.  N.D.  5.60  6.99  4.60  7.13  6.29  4.90  4.60  6.47  3.70  N.D.  N.D. 
 (0)  (0.12)  (0)  (0.02)  (0.12)  (0.43)  (0)  (0.04)  (0) 

 Small heap  N.D.  6.19  7.76  7.88  7.60  6.26  6.25  6.60  N.D. 
 (0.16)  (0.02)  (0.06)  (0)  (0.04)  (0.07)  (0) 

 Tray  N.D.  N.D.  7.05  7.70  7.34  7.49  5.96  3.99  N.D. 
 (0.21)  (0.14)  (0.06)  (0.16)  (0.03)  (0.55) 

  Bacillus  spp. log(CFU 
 Bacillus 

 /g) b  

 Large heap, 
outer part 

 N.D.  N.D.  N.D.  N.D.  5.49  7.74  N.D.  3.60  9.10  5.75  7.99  7.75  7.81 
 (0.15)  (0.09)  (0)  (0.71)  (0.21)  (0.12)  (0.04)  (0.19) 

 Large heap, 
central part 

 N.D.  N.D.  N.D.  N.D.  N.D.  7.84  N.D.  4.14  4.66  6.96  5.57  7.43  6.83 
 (0.34)  (0.09)  (0.08)  (0.26)  (0.10)  (0.10)  (0.32) 

 Small heap  N.D.  N.D.  N.D.  N.D.  N.D.  4.05  N.D.  5.75  5.75 
 (0.21)  (0.21)  (0.21) 

  Adapted from reference  [  2  ]  
 N.D. none detected 
  a  No data, plates partly overgrown by slimy non-AAB. CFU 

AAB
  approximately as for 60 h of fermentation 

  b  No  Bacillus  spp. detected during tray fermentation  

 Aeration by turning of the heap in fl uences yeast growth  [  2  ] , as seen from Table  4.1 , where a 
500-kg heap is turned after 48 and 96 h of fermentation, resulting in a decrease in the yeast cell count 
in the outer part of the fermenting mass after turning and followed by renewed growth.  

 The primary activity of the yeasts is production of ethanol from carbohydrates. Consequently, a 
sharp increase in the ethanol concentration and a decrease in the concentration of fermentable sugars 
are observed during the  fi rst 24–36 h of fermentation  [  1,   2,   4,   7,   16,   21  ] . Maximum pulp ethanol con-
centrations as high as 6.5%  [  1  ]  and as low as 1% or less  [  4,   22  ]  have been reported. Recent studies by 
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Nielsen et al.  [  2  ] , Camu et al.  [  16  ] , Camu et al.  [  49  ] , and Papalexandratou all report maximum ethanol 
values in the pulp around 2%. In general, the fermentation progresses slower in the center compared 
to the outer parts of heaps  [  2,   22  ] . 

 The conversion of glucose and fructose to ethanol is an exothermic process producing 93.3 kJ/mol 
reaction  [  34,   50,   51  ] . Consequently, the production of ethanol in the initial phases (~ fi rst 24 h) of 
fermentation is accompanied by a moderate increase in temperature to around 35°C  [  2  ] . 

 During the early phases of fermentation abundant growth of LAB also fermenting the sugars pro-
ducing lactic acid is observed  [  1,   4,   18,   21,   24  ] . Lactic acid bacteria have been reported to reach 
10 8 –10 9  CFU/g during the  fi rst 24–48 h of fermentation  [  1,   2,   4,   16,   22,   49  ] . In Brazilian, Indonesian, 
and Trinidadian box fermentations, LAB have been found to decrease to low (10 4  CFU/g) or 
 nondetectable numbers during the later stages of fermentation  [  1,   4,   47  ] , whereas other studies report 
that LAB constitute a signi fi cant part of the micropopulation throughout Ghanaian heap and tray fermen-
tations  [  2,   16,   22,   49  ] , Dominican box fermentations  [  52  ] , and Brazilian box fermentations  [  53  ] . 

 The role of yeast and LAB during the fermentation of cocoa is not restricted to producing ethanol 
and lactic acid. Breakdown of the pulp through pectinolytic activity by the yeast, assimilating citric 
acid by the yeast and LAB, and reduction of fructose to mannitol by some heterofermentative LAB 
such as  Lb. fermentum  are other important functions  [  18,   24,   54–  58  ] . The assimilation of citric acid 
causes the pulp pH to increase with 0.3–0.8 units from the onset usually around pH 3.5–4  [  2,   16,   52  ] . 

 Ardhana and Fleet  [  1  ]  found that highly pectinolytic  fi lamentous fungi grew well during the  fi rst 
36 h of fermentation and suggested that  fi lamentous fungi play a key role in the degradation of pulp 
pectin during the early phases of fermentation. On the contrary, Roelofsen and Giesberger  [  21  ]  stated 
that molds play no role during normal cocoa fermentations on Java (Indonesia). 

 The breakdown of the pulp causes some of the pulp to drain away and increase aeration of the 
fermenting mass, favoring growth of aerobic AAB  [  4  ] . In general, AAB have been reported to grow 
from low or even nondetectable levels at the onset of fermentation to levels anywhere between 10 5  and 
10 9  CFU/g, often followed by a decline toward the end of fermentation  [  1,   2,   4,   16,   18,   21,   22,   43,   47, 
  52,   53  ] . As an example, Nielsen et al.  [  2  ]  found that AAB grew from low or nondetectable levels at 
the onset of fermentation to 10 7 –10 8  CFU/g after 36 h of fermentation. Aeration of the fermenting 
mass by turning has been found to positively in fl uence AAB growth  [  2,   22,   49  ] . 

 In general, it is believed that AAB growth requires oxygen, but some strains are seemingly capable 
of growing under conditions with very low oxygen tension, as Carr and Davies  [  23  ]  found that AAB 
from cocoa fermentations could be isolated from plates incubated anaerobically. The ability of AAB 
to spoil bottled wine further underlines their potential for growing under very limited oxygen condi-
tions  [  59  ] . 

 The AAB metabolizes the ethanol initially formed by the yeasts to acetic acid through an exother-
mal process (496 KJ/mol) [ 34 ]. Furthermore, some AAB species are capable of completely oxidizing 
acetic acid to CO 

2
  and H 

2
 O through an exothermal process  [  34,   60  ] . The AAB activity leads to a fur-

ther increase in temperature, reaching 45–50°C or even higher  [  2,   4,   16,   21,   22,   34,   51,   61–  63  ] . In 
general, the temperature development in the center of large heap fermentations is relatively slow the 
 fi rst 36–48 h of fermentation compared to the outer part of large heaps and smaller fermentations with 
better aeration  [  2,   21,   22,   61,   64,   65  ] . 

 The ethanol and acetic acid diffuse into the beans. This in combination with the heat produced by 
the activities of the AAB leads to bean death and induces the biochemical changes leading to well-
fermented cocoa beans  [  18,   63  ] . 

 The high temperatures in combination with the ethanol and acetic present are a severe stress fac-
tors, limiting the growth or killing vegetative cells of many microorganisms  [  18,   21,   26  ] . In the later 
phases of fermentation, environmental conditions with increasing pH and aeration become favorable 
for growth of spore-forming  Bacillus  spp., often reaching 10 8  CFU/g or more in the later stages of the 
fermentation  [  1,   2,   4,   22,   47  ] . 
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 The role of  Bacillus  spp. in the fermentation of cocoa has not been fully elucidated. However, due 
to their high enzymatic activity and production of, for example, short-chain fatty acids, pyrazines, and 
2,3-butanediol, the growth and activity of  Bacillus  spp. is likely to in fl uence the  fi nal product, possi-
bly causing off- fl avors  [  66–  69  ] , but  Bacillus  spp. have also been suggested to play a positive role as 
producers of pectinolytic enzymes during the fermentation  [  70,   71  ] . However, as  Bacillus  spp. in 
general are present in relatively low numbers during the  fi rst days of fermentation where pectin break-
down is most important, it can be argued that even though  Bacillus  spp. isolated during cocoa fermen-
tation produce pectinolytic enzymes, their actual importance for the process is negligible. 

 Toward the end of fermentation,  fi lamentous fungi grow well in the cooler and more aerated parts 
of the fermenting mass  [  26,   31  ] . Mold growth has been associated with internal molding of the beans 
(a serious commercial defect), various off- fl avors such as “moldy odor,” and increased free fatty acids 
levels  [  72–  77  ] . Furthermore, mold growth may lead to production of mycotoxins such as ochratoxin 
A, a fl atoxins, and citrinin  [  78,   79  ] . Ochratoxin A can be produced not only during the drying step but 
also during the actual cocoa fermentation  [  14,   80,   81  ] . It is furthermore likely that excessive mold 
growth during the later parts of fermentation will enhance mold growth and thus potential mycotoxin 
production during the subsequent drying phase  [  5,   75,   76,   82  ] .  

   Yeast Involved in Fermentation 

 The distinct smell of alcohol apparent during the early stages of cocoa fermentation soon led early 
investigators of the cocoa fermentation to conclude that yeasts were involved in the process  [  45,   83–
  85  ] . These early studies reported the occurrence of a  Saccharomyces -like yeast for which Preyer-
Buitenzorg  [  84  ]  and later Nicholls  [  45  ]  suggested the name  Saccharomyces theobromae . However, as 
stated by Rombouts  [  85  ] , it is most likely that  Sc. theobromae  was a mixture of different yeasts spe-
cies. Furthermore, a  fi ssion yeast, possibly  Schizosaccharomyces pombe , and an apiculate yeast, pos-
sibly  K. apiculata  and  Saccharomyces  spp., were reported frequently  [  44,   45,   83–  85  ] . 

 The involvement of  Saccharomyces  spp.,  Schizosaccharomyces  spp., and apiculate yeasts in the 
fermentation of cocoa in all the important cocoa-producing regions of the world, including South 
America, Indonesia, and West Africa, was con fi rmed by later studies  [  73,   86–  88  ] . According to Knapp 
 [  50  ] , H.A. Dade isolated a number of yeasts from Gold Coast (Ghana) cocoa fermentations and depos-
ited these isolates at the Centralbureau voor Schimmelcultures (CBS), Holland, where they were later 
identi fi ed as  K. apiculata ,  C. krusei  ( P. kudriavzevii ),  Pichia fermentans ,  Candida mycoderma  (now 
 Candida vini   [  89  ] ), and  Saccharomyces cerevisiae   [  50,   85  ] . 

 Roelofsen and Giesberger  [  21  ]  carried out a comprehensive study on box fermentation of cocoa in 
Java (Indonesia). Unfortunately, except for the identi fi cation of a few isolates to genus level ( Pichia  
spp. and  Saccharomyces  spp.), no serious attempts were made to identify the yeasts isolated during 
the study. Rombouts  [  47  ]  studied box fermentations on Trinidad and found that yeasts dominated 
the fermentations during the  fi rst 24 h. The isolates were not identi fi ed in the original publication, 
but according to Roelofsen  [  5  ] , the isolates were later identi fi ed and  C. krusei  was found to be the 
predominating yeast. Among others,  Sc. cerevisiae  (then named  Sc. cerevisiae  var.  ellipsoideus   [  89  ] ), 
 K. apiculata,  and  P. membranifaciens  were isolated frequently as well  [  5  ] . 

 Studies of box and heap fermentations in Belize, Brazil, Côte d’Ivoire, The Dominican Republic, Ghana, 
Malaysia, and Indonesia have con fi rmed that the yeast community associated with cocoa  fermentations 
is complex, involving a number of species with  Sc. cerevisiae ,  K. apis ,  K. apiculata ,  P. membranifaciens , 
 P. fermentans ,  P. kudriavzevii  (and the imperfect form  C. krusei ) ,  and various  Candida ,  Torulopsis,  
and  Schizosaccharomyces  spp. being isolated frequently  [  1,   4,   18,   22,   23,   43,   90–  94  ] . 

 More recent studies have used molecular biology–based methods for accurate identi fi cation and 
culture-independent characterization of the yeast communities associated with cocoa fermentation. 
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These studies con fi rmed that the yeast communities associated with cocoa fermentation are complex, 
with often 3–6 different yeast species detected during the  fi rst 24 h of fermentation and members of 
the  Hanseniaspora guilliermondii/opuntiae  complex in general being dominant (Table  4.2 )  [  2,   15,   17, 
  95  ] . After the  fi rst 24 h of fermentation, the  Hanseniaspora guilliermondii  complex members in gen-
eral have been found to die out  [  2  ] , which has been explained by the relatively low ethanol tolerance 
of  Hanseniaspora  spp. and the imperfect form,  Kloeckera   [  1,   4  ] . The increasing temperatures during 
the fermentation probably in fl uence the growth and death of the yeast species present during the fer-
mentation as well  [  1,   89  ] . Later in the fermentation, species such as  P. kudriavzevii ,  S. cerevisiae,  and 
 P. membranifaciens  in general dominate the yeast  fl ora  [  2,   15,   17,   89,   95  ]  but in lower numbers than 
what is seen in  fi rst phases of fermentation (see Table  4.1 )  [  2  ] . In a recent study, Papalexandratou and 
De Vuyst showed that members of the  Hanseniaspora guilliermondii/opuntiae  complex seem to be 
indigenous to cocoa fermentations worldwide (South America, West Africa, and Asia)  [  96  ] .  

 Investigation of chromosome length polymorphism (CLP) using pulsed  fi eld gel electrophoresis 
(PFGE) of a number of  H. guilliermondii ,  P. membranifaciens ,  P. kluyveri ,  Sc. cerevisiae,  and 

   Table 4.2    Composition of the yeast community sampled 15 cm from the surface (outer part) and in the center of a large 
(500 kg) heap cocoa fermentation turned after 48 and 96 h   

 Fermentation time (hours) 

 0  12  24  36  48  60  72  84  96  108  120  132  144 

 Outer part % of yeast population 
  H. opuntiae a   79  67  71 
  S. crataegensis   7 
  P. pijperi   9  2 
  C. awuaii   3 
  P. sporocuriosa   2 
  C. zemplinina   19  14 
  C. michaelii   3 
  C. diversa   9  14 
  P. membranifaciens   Det. b   100  70  50  100  100  100  90  100  100  100 
  C. ethanolica   15  Det.  Det. 
  Sc. cerevisiae   15  17 
  Schiz. pombe   33 
  P. kudriavzevii   10 

 Central part, % of yeast population 
  H. opuntiae a   78  53  21  25 
  P. kluyveri   11 
  C. diversa   11  13 
  C. awuaii   Det.  14 
  S. crataegensis   Det. 
  C. zemplinina   33  57 
  P. membranifaciens   9  13  11  31  97  50  100  100  67  100 
  Sc. cerevisiae   22  91  25  89  45 
  P. kudriavzevii   Det. 
  P. occidentalis   Det. 
  C. ethanolica   13  3  50  33 
  T. delbreuckii   13 
  Schiz. pombe   Det.  24 

  Adapted from references  [  90  ]  and  [  2  ]  
  H. Hanseniaspora,   S. Saccharomycopsis,   P. Pichia, C.   Candida, Sc.   Saccharomyce, Schiz. Schizosaccharomyces  
  a  Reported as  H. guilliermondii   in [ 2 ], but later actin gene sequencing showed that the isolates are the closely related 
 H. opuntiae  
  b  Detected sporadically  
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 P. kudriavzevii  strains isolated during cocoa fermentations revealed that CLP was evident within all 
species investigated  [  17  ] . This  fi nding further adds to the complexity of cocoa fermentations, as not 
only is a number of different species involved in the fermentation, but within the different species, 
different strains are involved as well.  

   Lactic Acid Bacteria Involved in Fermentation 

 The involvement of LAB in the fermentation of cocoa was established relatively late compared to the 
other major microbiological groups involved. Using microscopy, Busse et al.  [  88  ]  and Ficker and von 
Lilienfeld-Toal  [  86  ]  both observed LAB-like microorganisms in the pulp from fermenting cocoa, but 
LAB was not cultivated from fermenting cocoa until the work by Roelofsen and Giesberger  [  21  ]  and 
Rombouts  [  47  ] , where Roelofsen and Giesberger found  Lb. fermentum  to dominate the LAB com-
munity during Indonesian cocoa fermentations  [  88  ] . 

 Carr et al.  [  22  ]  and Carr and Davies  [  23  ]  found  Lactobacillus collinoides ,  Lactobacillus fermen-
tum ,  Lactobacillus mali,  and  Lactobacillus plantarum  to be the dominant LAB during Ghanaian heap 
fermentations. However, only a limited number of isolates were fully identi fi ed  [  23  ] . Later, Ardhana 
and Fleet  [  1  ]  found  Lactobacillus cellobiosus  (later synonym of  Lb. fermentum   [  97  ] ) and  Lb. plan-
tarum  to be the dominant LAB involved in Indonesian box fermentations. 

 The LAB population of Brazilian and Caribbean box fermentations have been reported to be 
considerably more complex involving a number of  Lactobacillus ,  Leuconostoc ,  Lactococcus,  and 
 Pediococcus  species, represented by species such as  Lb. fermentum ,  Lactobacillus brevis ,  Lb. plan-
tarum ,  Leuconostoc mesenteroides ,  Lactococcus lactis,  and  Pediococcus acidilactici   [  18,   24,   43, 
  52,   98  ] . 

 Using a combination of culture-dependent and culture-independent methods and taking advantage 
of modern molecular biology–based methods the LAB community associated with the fermentation 
of cocoa has been established in a handful of more recent publications (Table  4.3 )  [  2,   16,   20,   49,   53, 
  99–  103  ] . Taken together, these studies show that a number of different LAB species (mainly 
 Lactobacillus ,  Weisella, Leuconostoc,  and  Fructobacillus  spp.) are associated with the fermentation 
of cocoa, but a clear pattern is also emerging, showing that  Lb. plantarum  and especially  Lb. fermen-
tum  are indigenous to the fermentation of cocoa worldwide and are likely to play important roles 
during the fermentation.  

 Recently, successful attempts have been made to include  Lb. fermentum  in a starter culture consor-
tium for consistent fermentation of cocoa  [  55,   104  ] .  

   Acetic Acid Bacteria Involved in Fermentation 

 The ethanol formed by the yeasts in the early phase of fermentation is metabolized to acetic acid by 
AAB as mentioned previously. The smell of acetic acid associated with fermenting cocoa is easily 
recognizable and soon led early investigators to conclude that acetic acid–producing microorganisms 
were involved in and signi fi cant contributors to the fermentation of cocoa  [  44,   45,   50,   83,   105  ] . 

 The  fi rst comprehensive study on AAB associated with cocoa was carried out by Eckmann  [  106  ] , 
who grew AAB cultures in Germany from pulp sweatings, dry beans, and fresh fruits transported from 
the tropics. Eckmann  [  106  ]  mainly isolated  Gluconacetobacter xylinus  (then named  Bacterium xyli-
nus   [  107  ] ),  Acetobacter orleanensis  (then named  Bacterium orleanese   [  107  ] ), and  Acetobacter pas-
teurianus  (then named  Bacterium ascendens   [  107  ] ). However, as the samples were transported for 
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   Table 4.3    Composition of the lactic acid bacteria (LAB) community during a large (500 kg) heap fermentation  (samples 
were taken from two positions: 15 cm from the surface [outer part] and in the center of the fermenting mass), a small 
(50 kg) heap fermentation (samples taken 15 cm from the surface), and a tray fermentation. The large heap fermentation 
was turned after 48 and 96 h   

 Fermentation time (hours) 

 0  12  24  36  48  60  72  84  96  108  120  132  144 

 Large heap, outer part, % of LAB population 
  Lb. plantarum   60  11  5  9  9  21  85  63 
  Lb. fermentum   40  81  76  100  86  100  81  89  92  69  74  15  37 
  Lb. ghanensis   8  11  8  5 
  Lc. pseudo fi culneum   19 
  Lb. Hilgardii  a   5 
  Pd. acidilactici   31 

 Large heap, center, % of LAB population 
  Lc. cpseudomesenteroides   82 
  Lb. rossii  b   18 
  Lb. fermentum   100  98  47  87  100  100  100  100  100  52  75  4 
  Lc. pseudo fi culneum   2 
  Lb. plantarum   53  9  42  25  76 
  Lb. ghanensis   4 
  Pd. acidilactici   6 
  Lb. hilgardii  b   20 

 Small heap, % of LAB population 
  Lc. pseudomesenteroides   100  83  5 
  Lb. fermentum   17  63  90  77  100  100  100 
  Lb. plantarum   2 
  Lc. pseudo fi culneum   28 
  Lac. lactis   7 
  Pd. acidilactici   5  23 

 Tray, % of LAB population 
  Lb. plantarum   89  30  35  5  10 
  Lc. pseudo fi culneum   11  3 
  Lb. fermentum   64  57  95  100  100  100  89  90 
  Lc. pseudomesenteroids   6  2 
  Lb. brevis   3 
  Pd. acidilactici   11 

  Adapted from references  [  2  ]  and  [  102  ]  
  Lb .  Lactobacillus, Lc.   Leuconostoc, Pd.   Pediococcus  
  a  Isolates did not grow upon puri fi cation. Identi fi ed directly by rep-PCR grouping and 16S rRNA gene sequencing (see 
reference  [  2  ]  for details)  

several weeks before being examined, it is impossible to conclude anything about the signi fi cance of 
the isolated species on actual fermentations. 

 Roelofsen and Giesberger  [  21  ]  found that  A. pasteurianus  (then named  Acetobacter rancens   [  107  ] ) 
and  Gluconobacter oxydans  (then named  Acetobacter melanogenum   [  107  ] ) were the dominant AAB 
during Indonesian (Java) cocoa fermentations, and in a later study on Trinidadian box fermentations, 
Ostovar and Keeney  [  43  ]  found that  Gluconobacter oxydans  (then named  Acetobacter suboxydans  
 [  107  ] ) was the predominant AAB during the  fi rst 24–32 h of fermentation, whereas  A. pasteurianus  
predominated the AAB community from 40 h of fermentation and onward. 

  Gluconobacter oxydans ,  A. aceti,  and  A. pasteurianus  have been found to dominate the AAB com-
munity in a number of other studies on cocoa box fermentations in Malaysia, Belize, Brazil, and 
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   Table 4.4    Composition of the acetic acid bacteria (AAB) community during a large (500 kg) heap fermentation 
 (samples were taken from two positions: 15 cm from the surface [outer part] and in the center of the fermenting mass), 
a small (50 kg) heap fermentation (samples taken 15 cm from the surface), and a tray fermentation. The large heap 
fermentation was turned after 48 and 96 h   

 Fermentation time (hours) 

  0   12  24  36  48  60  72  84  96  108  120  132  144 

 Large heap, outer part, % 
of AAB population 

 No data 

  A. pasteurianus   100  55  22  –  62 
  A. syzygii   57  33  –  72 
  A. tropicalis   29  45  100  45  –  14  100  38  100  100  100 
  A. malorum   14  – 
  G. oxydans   –  14 

 Large heap, center, 
% of AAB population 

  A. pasteurianus   100  22  80  13 
  A. syzygii   100  45  20  34 
  A. tropicalis   100  33  100  100  53  100 

 Small heap, 
% of AAB population 

  A. syzygii   100  83  89  100  100  22  75 
  A. pasteurianus   17  33  25 
  A. malorum   11 
  A. tropicalis   45 

 Tray, % of AAB population 
  A. syzygii   50  100 
  A. malorum   50 
  A. pasteurianus   73  100 
  A. tropicalis   27  100  100 

  Adapted from reference  [  2  ]  
  A. Acetobacter,   G. Gluconobacter   

Ghana  [  18,   22,   23,   108,   109  ] . More recently, Ardhana and Fleet  [  1  ]  isolated  A. pasteurianus  and 
 Acetobacter aceti  during Indonesian cocoa fermentations, but interestingly, no  Gluconobacter  spp. 
were isolated in this study. 

 During recent years, the composition of the AAB microbiota associated with the fermentation of 
cocoa worldwide has been investigated in detail in a number of studies taking advantage of modern 
molecular biology–based methods, including culture-independent methods  [  2,   16,   20,   49,   53,   100, 
  101,   103  ] . In the study by Nielsen et al.  [  2  ] ,  Acetobacter pasteurianus ,  Acetobacter syzygii , and 
 Acetobacter tropicalis  were the dominating AAB during the fermentations, with occasionally isola-
tion of  A. malorum  and  G. oxydans  detected as well (Table  4.4 )  [  2  ] .  

 All in all recent years’ advancement of our understanding of the AAB microbiota associated with 
fermentation of cocoa strongly indicates that  A. pasteurianus  is indigenous to cocoa fermentations 
around the world. Recently,  A. pasteurianus  has been included in a starter culture consortium success-
fully used for controlled fermentation of cocoa  [  55,   104  ] .  

    Bacillus  spp. Involved in Fermentation 

 Bainbridge and Davies  [  44  ]  were the  fi rst to observe growth of aerobic spore-forming bacteria during 
the later stages of cocoa fermentation and identi fi ed the bacteria as being of the  Bacillus subtilis  type. 
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   Table 4.5    Composition of the  Bacillus  spp. community during a large (500 kg) heap fermentation and a small (50 kg) 
heap fermentation. The large heap fermentation was turned after 48 and 96 h and samples were taken from two posi-
tions: 15 cm from the surface (outer part) and in the center of the fermenting mass. From the small heap fermentation, 
samples were taken 15 cm from the surface   

 Fermentation time (hours) 

 0  12  24  36   48  60  72  84  96  108  120  132  144 

 Large heap, outer part, 
% of  Bacillus spp.  population 

  B. licheniformis   100  50  100  72  96  80 
  B. cereus   Det. a  
  B. pumilus   18  4  11 
  B. megaterium   100  100  50  10 
  B. subtilis   9 

 Large heap, center, 
% of  Bacillus spp.  population 

  B. licheniformis   29  35  17  68  60  34 
  B. pumilus   Det.  22  66  32  40  66 
  B. megaterium   100  71 
  B. sphaericus   17 
  B. subtilis   43  Det. 

 Small heap, 
% of  Bacillus spp.  population 

  B. megaterium   100 
  B. licheniformis   100  100 

  Adapted from reference  [  2  ]  
  B. Bacillus  
  a  Detected sporadically  

Later, H.A. Dade (mentioned in a private communication to Knapp, 1937) isolated  Bacillus undulatus  
( B. undulatus  is not a validly published name; furthermore, it is not clear what the present name of 
 Bacillus undulates  would be  [  107  ] ) and  Bacillus megaterium  during Gold Coast (Ghana) cocoa fer-
mentations. In the studies by Carr et al.  [  22  ]  and Carr and Davies  [  23  ] , the  Bacillus  community associ-
ated with cocoa fermentation was found to be relatively simple, as all identi fi ed isolates from Ghanaian 
heap fermentations were identi fi ed as  B. subtilis  and only  Bacillus licheniformis  and  Bacillus subtilis  
were isolated during Malaysian box fermentations. In a later study carried out in Indonesia, Ardhana 
and Fleet  [  1  ]  isolated  Bacillus pumilus  at each of three estates investigated and in general found that 
the  Bacillus  community diversity was relatively restricted, with 2–4 different species being detected 
at each of the sites investigated. On the contrary, Ostovar and Keeney  [  43  ]  and Schwan et al.  [  68  ]  
reported that the  Bacillus  community associated with box fermentations in Trinidad and Brazil was 
complex, involving 8–14 different  Bacillus  spp. 

 Nielsen et al.  [  2  ]  only isolated  Bacillus  spp. occasionally and in relatively low numbers during the 
 fi rst 2–3 days of fermentation. During later stages of fermentation,  Bacillus  spp. were detected in higher 
number (see Table  4.1 ), probably because  Bacillus  spp. are able survive the high temperatures resulting 
from AAB activity and in general thrive better with the increasing oxygen availability in the later stages 
of fermentation, caused by the breakdown of pulp.  Bacillus licheniformis  and  B. megaterium  were domi-
nating the  Bacillus  micro fl ora in the fermentations investigated by Nielsen et al.  [  2  ]  (Table     4.5 ).  

 Whether  Bacillus  spp. play an important role during cocoa fermentation or not remains controver-
sial. In several studies, they are not detected at all  [  16,   100  ] , and in other studies, they are only 
detected more occasionally and often late in the fermentation  [  2,   20  ] . On the other hand, Ouattara 
et al.  [  70  ]  reported that  Bacillus  communities were present and generally in signi fi cant numbers 
throughout Ivorian box and heap fermentations. Ouattara et al.  [  70,   71  ]  argue that  Bacillus  spp. might 
play an important role due cocoa fermentation due to their production of pectinolytic enzymes.  
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   Other Bacteria Involved in Fermentation 

 A wide range of bacteria other than LAB, AAB, and  Bacillus  spp. have been isolated during cocoa 
fermentations, but the importance of any given species is dif fi cult to judge, as also stated by Lehrian 
and Patterson  [  26  ] . However, some species are encountered frequently and probably play some role in 
the fermentation. In Indonesia, Ardhana and Fleet  [  1  ]  isolated  Micrococcus kristinae  and various 
 Staphyloccus  spp. during cocoa fermentations carried out at three different plantations, and 
 Pseudomonas cepacea  was isolated from two out of three fermentations. Also, Roelofesen and 
Giesberger  [  21  ]  and Ostovar and Keeney  [  43  ]  mention the occasional isolation of  Micrococcus  spp. 
during Indonesian and Trinidadian box fermentations. 

 During an investigating of cocoa box fermentations carried out at two different estates in Trinidad, 
Ostovar and Keeney  [  43  ]  observed that  Zymomonas mobilis  constituted 40–80% of the micropopu-
lation after 16–48 h of fermentation in the central part of a box fermentation on an estate where 
the beans were tightly packed in the boxes and the oxygen availability thus limited. On the contrary, 
 Z. mobilis  accounted for a much smaller percentage of the microorganisms at the other estate, where 
the beans were packed more loosely and the oxygen availability higher.  Zymomonas mobilis  grows 
well under anaerobic conditions and is an ef fi cient producer of ethanol from glucose, fructose, and 
sucrose. Consequently, it has been suggested that  Z. mobilis  along with the yeasts play a role in con-
verting sugars to ethanol during the  fi rst days of fermentation  [  43,   110  ] . 

 More recently, various Enterobacteriaceae, such as  Tatumella saanichensis  and  Tatumella punc-
tata , have been detected during the  fi rst days of cocoa fermentation, and it has been suggested that 
they might play a role in pectin degradation and citric acid metabolism during the early phase of fer-
mentation  [  100,   103  ] .  

  Fig. 4.5    Visible mold growth on the surface of an unturned Ghanaian heap fermentation (Picture courtesy of Susanne 
Hønholt)       
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   Molds Involved in Fermentation 

 Filamentous fungi can be readily observed on the surface of fermenting cocoa if left undisturbed (i.e., 
no turning) for a few days, as seen in Fig.  4.5 . Fungal growth is rarely observed below the outer layers 
of the fermenting mass  [  5,   21,   26,   31,   72,   82  ] , with the exception of the study by Ardhana and Fleet 
 [  1  ] , who observed fungal growth in samples taken from the center of Indonesian box fermentations 
during the  fi rst 36 h of fermentation.  

 According to Bunting  [  82  ]  and Dade  [  72  ] , the molds most frequently isolated during Gold Coast 
(Ghana) cocoa heap fermentations were members of the  Aspergillus fumigatus  group and  Mucor  spp. 
Maravalhas  [  31  ]  observed that molds appear in succession with  A. fumigatus  appearing  fi rst followed 
by  Mortierella gamsii  (then named  Mortierella spinosa   [  111  ] ) and later  Paecilomyces variotii . In the 
later stages of fermentation, the temperature of the fermenting mass decreases, and this is according 
to Maravalhas  [  31  ]  accompanied by growth of  Penicillium citrinum  and  Aspergillus glaucus . The 
occurrence of  P. citrinum  was later con fi rmed by Ardhana and Fleet  [  1  ] , who furthermore reported 
growth of  Penicillium purpurogenum ,  Penicillium ochrochloron ,  Aspergillus versicolor,  and 
 Aspergillus wentii  during the fermentations. 

 It is of concern that mycotoxins (ochratoxin, citrinin) have been detected and mycotoxin- producing 
molds such as  Aspergillus carbonarius  and  Aspergillus niger  have been isolated from fermented 
cocoa in frequent numbers  [  14,   79,   81  ] . However, according to Mounjouenpou et al., ochratoxin (and 
probably mycotoxins as such) contamination of cocoa beans can be avoided or at least minimized by 
adhering to good cocoa-processing practices  [  13,   14  ] .  

   Microbial Growth During Drying 

 The ultimate goal of the drying process is to obtain microbiologically stable cocoa beans by drying to 
an extent where microbial growth becomes impossible. A water content of 7.2% has been established 
as a safe limit  [  5,   21  ] . As the water availability decreases during the drying process, fewer and fewer 
microorganisms are capable of growing, and a pronounced reduction in the number of viable micro-
organisms is observed  [  22,   24  ] . At the onset of drying, yeast, AAB, LAB, and  Bacillus  spp. were 
isolated by Carr et al.  [  22  ]  in Ghana. During the solar drying process, all but spore-forming  Bacillus  
spp. died out. A similar picture has been observed in Brazil  [  24  ] . 

 Many molds are capable of growing at low water activities, and if the reduction in moisture content 
during drying is too slow, molds will grow  [  5,   6  ] . Various  Aspergillus  spp.,  Penicillium  spp., and 
 Mucor  spp. have been frequently isolated from moldy cocoa beans. Mold growth during drying should 
be avoided, because it can result in the formation of off  fl avors, internal molding of the beans, and 
formation of mycotoxins  [  5,   6,   13,   14,   72,   75,   76,   82  ] .  

   Use of Starter Cultures for Fermentation of Cocoa 

 Soon after it was realized that microorganisms were responsible for the fermentation of cocoa beans, 
the  fi rst attempts of controlling the fermentation using starter cultures were made, as Preyer-Buitenzorg 
 [  84  ]  inoculated cocoa fermentations with his so-called  Sc. theobromae  (see the section Yeast Involved 
in Fermentation). According to Preyer-Buitenzorg  [  84  ] , the resulting cocoa was of a better quality 
than cocoa fermented without the addition of  Sc. theobromae . Subsequently, a number of attempts 
have been made to improve or control the quality of fermented cocoa by using yeast as a starter culture 
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 [  21,   50,   86,   94,   112,   113  ] , and more recently, an interesting study using a hybrid  Kluyveromyces 
marxianus  strain with increased pectinolytic activity as starter culture resulting in chocolate more 
acceptable to a sensorical panel was published  [  114  ] . 

 According to Busse et al.  [  88  ] , the quality of Cameroonian cocoa suffered from being too acidic, 
and it was unsuccessfully attempted to retard the growth of AAB by adding  Lactobacillus delbrueckii  
(then named  Bacillus delbrückii   [  107  ] ). 

 As evident from the previous sections of this chapter, cocoa fermentations are carried out by a 
consortium of microorganisms, including yeast, LAB, and AAB. The  fi rst attempt at using a consor-
tium of all these groups of microorganisms for fermentation of cocoa was  fi rst published by Schwan 
 [  109  ] . Schwan  [  109  ]  used a de fi ned microbial inoculum consisting of a mixture of  Sc. cerevisiae , 
 Lb. plantarum ,  Lactobacillus delbrueckii  subsp.  lactis  (then named  Lactobacillus lactis   [  107,   115  ] ) 
 A. aceti,  and  G. oxydans . The  fi rst 2–3 days of fermentation the inoculum dominated the fermentation, 
but during the later phases of fermentation, the inoculum was outgrown by naturally occurring micro-
organisms. The chocolate produced from the inoculated bean was of a quality comparable to choco-
late produced from a spontaneously inoculated control fermentation. In a couple of recent studies, 
Lefeber et al.  [  55,   101,   104  ]  used a systematic approach for screening isolates for interesting cocoa 
fermentation starter culture properties and identi fi ed     L. fermentum  and  A. pasteurianus  as the essen-
tial bacteria for the process. 

 So far, the aim of the different attempts to use starter cultures for the fermentation of cocoa has 
been to improve the quality of the resulting beans in terms of  fl avor potential, absence of excess 
 acidity, and/or to increase the speed of fermentation. The work of Masoud et al. and Masoud and 
Kaltoft points at another potential use of arti fi cial inoculation of cocoa fermentations, as strains of 
 Pichia anomala ,  P. kluyveri,  and  H. uvarum  isolated from coffee fermentations have been found to 
inhibit growth and ochratoxin A production by  Aspergillus ochraceus   [  116,   117  ] . The primary pro-
cessing of cocoa and coffee has a number of similarities  [  117  ] , and it is indeed possible that the poten-
tial of some yeasts to inhibit mold growth and mycotoxin production could be exploited in the primary 
processing of cocoa as well.       
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    Introduction 

 Chocolate quality may be in fl uenced by a variety of environmental, agronomic, and technological 
factors to which the cocoa beans are subjected from the opening of the fruit until the end of industrial 
processing. To achieve the chocolate  fl avor, the cocoa beans have to go through a microbial curing 
process that starts at fermentation. After fermentation, beans are transferred to sun drying platforms 
where a gradual reduction in moisture content occurs. When moisture content reaches values 
suf fi ciently low to avoid microbial spoilage, beans are transferred to storage rooms, then later bagged 
and marketed. At the manufacturing stage, the dried fermented cocoa beans are submitted to a similar 

    Chapter 5   
 Fungi and Mycotoxin Occurrence in Cocoa       

      Marina   Venturini   Copetti             ,    Beatriz   Thie   Iamanaka ,      and    Marta   Hiromi   Taniwaki              

 Key Points 

    Fungi can grow and produce mycotoxin during cocoa processing.  • 
  Mycotoxins are stable to most food processing and remain in cocoa by-products and chocolate.  • 
  There are worldwide reports of mycotoxin occurrence in cocoa products and chocolate, especially • 
ochratoxin A and a fl atoxins.  
  Ochratoxin A is nephrotoxic, while a fl atoxins are hepatotoxic and hepatocarcinogenic.  • 
  Chocolate is a minor source of ochratoxin A and a fl atoxin in diet.    • 
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treatment of roasting and grinding at the beginning and then follow two distinctive processing lines 
giving as  fi nal product powdered cocoa or chocolate. 

 Research has shown a steady and marked participation of  fi lamentous fungi during the fermenta-
tion process and during the drying and storage steps  [  1–  4  ] . When present, they occur with higher 
intensity in the last days of fermentation and are usually related to the formation of off  fl avors and 
deterioration of cocoa beans. 

 Besides the deteriorative potential and consequent in fl uence on sensorial quality of cocoa and 
chocolate, the presence of fungi in food is also a public health issue owing to the possibility of myco-
toxin formation.  Aspergillus ,  Penicillium , and  Fusarium  are the main genera capable of producing 
toxic secondary metabolites, many of which have mutagenic, teratogenic, and carcinogenic effects on 
humans and animals. Consequently, this chapter will focus mainly on the factors affecting the devel-
opment of  fi lamentous fungi and production of mycotoxins, as well as the reports of mycotoxins in 
cocoa and chocolate.  

   Fungi in Cocoa and Cocoa Products 

 Fungi are able to grow in all kinds of food, and there is general agreement that an increase in fungal 
activity in food can affect both its chemical composition and nutritional value. The fungal develop-
ment can result in various forms of deterioration: loss of  fl avor, aroma and nutrients, toxin formation, 
discoloration, decay and formation of allergenic and pathogenic propagules. 

 The occurrence of alterations in sensory properties of food is often due to the synthesis of exoen-
zymes during fungal growth. A large number of enzymes can be produced (e.g., lipases, proteases, 
and carbohydrases), which can cause changes in protein and fat content while increasing the level of 
fatty acids and nonreducing sugars. Volatile substances can also be produced (such as dimethyl 
sul fi des and 2-methyl-isoborneol) during fungal development, which affect the quality of food and 
beverages even when present in very small amounts. However, fungal contamination in food can also 
be of concern because several fungi are capable of producing a wide variety of toxic substances. 

 It should be noted that the presence of toxigenic fungi does not necessarily indicate the production 
of mycotoxins, since there are several factors that in fl uence the production of mycotoxins by a fungal 
species. Nor does the absence of fungi ensure the absence of mycotoxins, since these toxins can per-
sist for long periods even after fungal death. 

 Considering the very different parameters present in the cocoa beans according to the processing 
steps where the samples are collected for evaluation, a quite signi fi cant difference in the fungal spe-
cies presence is expected. Figure  5.1a–h  illustrates the succession on fungal contamination during the 
processing of cocoa beans, from cocoa pod to storage. Detailed studies on cocoa mycobiota were 
published elsewhere  [  5  ] .  

 Both the cocoa beans and pulp inside a not injured cocoa pod are microbiologically sterile but are 
subsequently contaminated with microorganisms when the fruit is opened. These microorganisms 
will contribute to the subsequent spontaneous fermentation process. 

 The role of  fi lamentous fungi during cocoa fermentation is not totally understood. It is known that 
these microorganisms are able to cause hydrolysis of the pulp, produce acids, off  fl avors, and alter the 
taste of the cocoa beans  [  6  ] , and it is believed that an extensive fungal development at the end of fer-
mentation causes increased deterioration in the consecutive phase of drying  [  7  ] . 

 During the cocoa fermentation, high amounts of alcohol and lactic and acetic acid are produced by 
the fermentative yeasts and bacteria. These products of metabolism acting together with other factors 
such as the low pH, elevation of temperature produced by exothermic metabolic reactions, the com-
petitive environment dominated by bacteria and yeasts in high water activity substrates and the 
microaerophilic conditions, will restrict the species able to develop. 
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  Fig. 5.1    Cocoa pod ( a ), fungal presence during cocoa fermentation ( b ), drying ( c ) and storage ( d ), mycological evalu-
ation of cocoa beans sampled before fermentation ( e ), at fermentation ( f  ), at drying ( g ), and at storage ( h )       
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 In an investigation carried out in Brazil  [  5  ] , of 18 species of  fi lamentous fungi isolated in samples 
from fermentation, only three species ( Monascus ruber ,  Penicillium paneum , and  Geotrichum 
candidum ) were present in more than 20% of the 51 samples evaluated during this processing step. 
Considering some physiologic aspects of these more prevalent fungi isolated at fermentation, Pitt and 
Hocking  [  8  ]  remark that  G. candidum  is able to grow under microaerophilic conditions and high a 

w
  

and  M. ruber  and  P. paneum  are also adapted to environments of low oxygen pressure.  P. paneum  is a 
species closely related to  P. roqueforti,  which has an optimum pH for growth between 4.0 and 5.0, and 
tolerates high levels of CO 

2
 , as well as the organic acids commonly found in the cocoa fermentation. 

Ribeiro et al.  [  1  ]  also reported the presence of some acetic acid-tolerant species,  P. variotii  and 
 T. ethaceticus . 

 A low occurrence of potentially toxigenic isolates of  A.  fl avus ,  A. parasiticus  (a fl atoxin producers), 
 A. niger , and  A. carbonarius  (ochratoxin producers) has been reported in samples from fermentation 
 [  3,   9,   10  ] . 

 At the end of fermentation, the fermented cocoa beans are submitted to a drying step to reduce their 
water activity (a 

w
 ) and consequently avoid microbial spoilage at storage. This process can be carried 

out in arti fi cial driers or on sun drying platforms. Sun drying is the most common method and usually 
takes 7–14 days or more, depending on weather conditions. 

 The a 
w
  is one of the most important parameters regarding the control of microorganism growth. 

The decrease of a 
w
  during the drying step reduces the number of competitors due to the higher 

sensitivity of bacteria and yeasts to low water availability  [  11  ] , so  fi lamentous fungi become the pre-
dominant population. In addition, the dispersal of fermented beans on wooden drying platforms facili-
tates contact with fungal spores which can act as inoculums for future developing species. This 
procedure on the platform also increases the oxygen tension essential for growth of these fungi and 
facilitates the volatilization of some inhibitory acids produced during the fermentation, especially the 
acetic acid. 

 Sun drying can be considered a transition stage where the water content, competitors’ microorgan-
isms, and inhibitory substances (e.g., alcohol and acetic acid) will decrease gradually, allowing a 
better development of  fi lamentous fungi. The fungal species predominant in the  fi rst days tend to be 
the ones that were more prevalent at fermentation, and in the course of time, it changes to species 
adapted to intermediate moisture foods, like the genera  Aspergillus  and  Penicillium . 

 An investigation carried out in Brazil  [  12  ]  demonstrates a visible elevation of the occurrence of fungal 
species in this phase of cocoa processing. The accentuated increase in the presence of  A.  fl avus , 
 A. parasiticus ,  A. niger , and  A. carbonarius  is a cause for concern since these species are potentially 
a fl atoxin and ochratoxin producers, respectively. It is important to highlight that at least in part of the dry-
ing stage these species can  fi nd enough water in the substrate to allow for later mycotoxin production. 

 When the fermented and dried cocoa beans reach about 6–7% of humidity, they are considered 
“cured” and are stored in bags at the farm until marketed. The species isolated from stored samples 
tend to be similar to those present at drying, since the fungal spores can remain viable even if there is 
not enough water at this stage to sustain the fungal growth. Nevertheless, an increase in the occur-
rence of xerophilic species is expected and was reported  [  5  ] , especially concerning the genus  Eurotium  
( E. amstelodami ,  E. chevalieri , and  E. rubrum ) and  A. penicillioides . These species are adapted to 
grow under conditions of reduced a 

w
  and are responsible for considerable economic losses in stored 

grains, nuts, spices, and cereal products  [  8  ] , although they have little importance regarding mycotoxin 
production. 

 Even if the cocoa beans have a water content low enough to avoid any microbial growth when 
bagged and stored; storage under poor conditions of high humidity can provide suitable conditions for 
spore germination, fungal growth, and spoilage. Cocoa beans are hygroscopic, so when cocoa is 
stored under high humidity conditions, it will absorb moisture from the environment until reaching 
equilibrium. For this reason, Wood  [  13  ]  recommends that the storage of cocoa in tropical countries 
should not exceed 2–3 months if not carefully carried out. 
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 When marketed, the cured beans are subjected to an initial cleaning at the manufacturing plant to 
remove residues of  fi bers, insects, and stones previous to the industrial processing that starts with a 
thermal treatment. 

 Most cocoa contaminants are present in the testa (shell), which corresponds to about 12% of a 
cured cocoa bean and is almost completely removed by winnowing after the preroasting of beans. 
These steps are extremely important to reduce the level of contaminants present in the beans before 
the subsequent processing stages. 

 Roasting is essential to complete the chemical reactions responsible for development of the choco-
late  fl avor and at the same time reducing the microbial contaminants. Roasting (treatments of 15 min 
to 2 h at 105–150°C) is considered the only step in the chocolate production allowing for complete 
destruction of vegetative microorganisms  [  14  ] . 

 After the steps of roasting and alkalization, the cocoa by-products used to be considered free of 
fungi; nevertheless, some fungal species can be isolated from cocoa products  [  5  ] . These contaminants 
probably originate from a postprocess contamination by microorganisms released in the previous 
manufacturing procedures and which remain present in the processing equipment and environment. 

 Chocolate is considered a product microbiologically stable because of its low a 
w
  that is not condu-

cive to microbial growth and spoilage. Nevertheless, there are reports of development of xerophilic 
fungi such as  Bettsia alvei ,  Chrysosporium xerophilum , and  Neosartorya glabra  in deteriorated choc-
olate and chocolate confetti  [  14,   15  ] . These episodes occur due to inadequate storage problems lead-
ing to the formation of an environment with increased availability of water at the interface of the 
packaging and chocolate when it is stored in environments with high relative humidity.  

   Mycotoxins in Cocoa and Cocoa Products 

 Mycotoxins are substances of low molecular weight synthesized during the growth of certain fungi. 
Some toxins remain restricted to the fungal mycelium while the majorities are secreted into the sub-
strate. It is known that most mycotoxins are extremely resistant to chemical and physical treatments 
and, once present in a raw material, remain stable through the steps of food processing and storage. 

 The fungal toxins are variable in their chemical composition, biological action, and toxicological 
effects. The most expressive effects are the induction of various types of tumors and immune 
suppression  [  16  ] . When ingested as a contaminant of food, part can be  fi xed to the tissues, despite the 
majority being metabolized and excreted. An important feature is their ability to affect speci fi c organs 
without causing apparent changes in the others. The severity of symptoms depends on the toxicity of 
the mycotoxin; the level of exposure; age, sex, and nutritional status; and the possible synergistic 
effects with other chemicals  [  17,   18  ] . 

 Human exposure to mycotoxins through consumption of contaminated food is a public health issue 
worldwide. Programs for monitoring the levels of food contamination by mycotoxins are essential for 
setting priorities in health surveillance. The a fl atoxins and ochratoxin A are among the most known 
mycotoxins. Special attention will be given to these two toxins due to their toxicity, high presence in 
the food chain, and recent reports of occurrence in cocoa and chocolate. 

   Ochratoxin A 

 Ochratoxin A (OTA) is a toxin produced by several species of  Aspergillus  and  Penicillium . These 
 fi lamentous fungi are capable of growing in different climates and on different substrates, allowing a 
worldwide contamination of food crops with OTA. There is a general consensus that ochratoxigenic 
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 Aspergillus  species are responsible for accumulation of OTA in tropical regions, while in temperate 
climates such a problem is attributed to the occurrence of  Penicillium  species, such as  P .  verrucosum  
and  P .  nordicum   [  8  ] . 

 The toxicology and human health risks of OTA have been assessed by the Joint FAO/WHO Expert 
Committee on Food Additives (JECFA), which has established tolerable intakes of OTA from food 
 [  19  ] . These tolerable intakes have been used in many countries as a basis for regulation of OTA in 
some foods, and nowadays, the provisional tolerable weekly intake (PTWI) for OTA is stated at 
100 ng/kg of body weight  [  20  ] . 

 OTA is known for its carcinogenic, nephrotoxic, teratogenic, and immunotoxic effects in animal 
cells  [  16  ] . The International Agency for Research on Cancer  [  16  ]  has classi fi ed OTA as a possible 
carcinogen to humans (Group 2B), since there are a limited number of studies. Humans are more 
sensitive to the nephrotoxic effects  [  21  ] , where this mycotoxin has a plasma half-life of 35 days  [  16  ] . 
Assuming that the period necessary to achieve the theoretical value of zero is eight times, a detectable 
serum level could still be found in humans after 280 days from the  fi rst exposure  [  22  ] . 

 The main dietary sources of OTA are cereals, followed by wine, spices, coffee, grape juice, cocoa, 
beer, and dried fruits  [  16,   23  ] . OTA has an extremely high af fi nity for serum albumin and other blood 
macromolecules, with a long half-life in mammals. Because of this, it has also been found in animal 
tissues, especially in pork meat and derivatives  [  24  ] . 

   Ochratoxin A in Cocoa and Chocolate 

 The occurrence of OTA in cocoa powder and chocolate has been reported around the world (Table  5.1 ). 
It is estimated that cocoa responds to 5% of OTA intake in a diet  [  29  ] . The number of investigations 
regarding the occurrence of ochratoxin A in cocoa and by-products has increased in the last decade 
powered by international discussions supported by the Joint FAO/WHO Expert Committee on Food 
Additives (JECFA); European Food Safety Authority (EFSA); Association of Chocolate, Biscuit and 
Confectionery Industries of the European Union (CAOBISCO   ); European Cocoa Association (ECA); 
and Federation for Cocoa Commerce (FCC). In 2011 the Codex Committee on Contaminants in Food 
(CCCF) elaborated a discussion paper on ochratoxin A in cocoa  [  35  ] . The main objective of these 
studies was to try to understand the main factors involved in OTA production during the different 
steps of cocoa processing at farm and the possibilities of reducing the contamination in the  fi nal prod-
ucts through technological processes. Once possessing this information, a code of practice to reduce 
and manage the incidence of OTA in cocoa could be formulated.  

 Gilmour and Lindblom  [  7  ]  carried out extensive research in an attempt to elucidate the main fac-
tors involved in the occurrence of OTA in cocoa, which was focused mainly in the Ivory Coast. 
Preliminary results of this study revealed that the contamination already starts between harvest and 
fermentation; damaged pods appear to be critical for OTA accumulation in cocoa. 

 In an investigative study carried out on Brazilian farms during the period of 2006–2008  [  9  ] , no 
OTA was detected in the cocoa samples collected from the pods (previous to the beginning of fermen-
tation), and only low levels of this toxin were detected during the fermentation time. Higher numbers 
of samples were detected with OTA during sun drying and storage of cocoa beans, with about 50% of 
samples contaminated, although the OTA levels found in Brazilian cocoa were low (mean of 0.13 and 
0.10  m g/kg at sun drying and storage, respectively). This study also correlated the occurrence of OTA 
in the samples with the presence of OTA-producing species, concluding that  A. carbonarius  was the 
main OTA-producing species involved in OTA contamination in cocoa. 

 Experiments carried out in Brazil  [  5  ]  demonstrated the in fl uence of fermentative practices in the 
accumulation of ochratoxin A in cocoa arti fi cially contaminated with  A. carbonarius  as well as 
the inhibitory effect of the organic acids present in the cocoa fermentation and pH on the growth and 
ochratoxin A production by  A. carbonarius  and  A. niger , highlighting the importance of conducting an 
adequate fermentation to minimize the development of ochratoxigenic fungi during the drying step. 
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   Table 5.1    Ochratoxin A (OTA) occurrence in chocolate worldwide   

 Product 

 Level of OTA contamination in the samples 

 Origin  Reference 

 Number of samples   m g/kg 

 Total  >LOQ  >2 m g/kg  Max.  Median  Mean 

 Cocoa powder  31  29 (94%)  17 (55%)  4.4  –  2.41  Various   [  25  ]  
 Cocoa powder  21  21 (100%)  –  –  0.24  –  Spain   [  26  ]  
 Cocoa powder  5  5 (100%)  –  –  0.17  –  Various   [  26  ]  
 Cocoa powder  1189  1094 (92%)  143 (12%)  –  –  1  Various   [  7  ]  
 Cocoa powder  18  9 (50%)  0  0.77  –  0.43  Italy   [  27  ]  
 Cocoa powder  20  19 (95%)  0  1.1  –  0.68  United Kingdom   [  28  ]  
 Cocoa powder  20  20 (100%)  –  2.4  –  1.67  United Kingdom   [  28  ]  
 Cocoa powder  96  91 (95%)  0  1.8  –  0.38  Germany   [  29  ]  
 Cocoa powder  40  39 (98%)  –  2.4  –  1.2  United Kingdom   [  29  ]  
 Cocoa powder  40  40 (100%)  0  1.8  0.59  –  Germany   [  30  ]  
 Cocoa powder  25  25 (100%)  0  0.92  –  0.39  Brazil   [  31  ]  
 Cocoa powder  40  40 (100%)  0  1.82  –  0.55  Italy   [  32  ]  
 White chocolate  5  5 (100%)  –  –  0.03  –  Spain   [  26  ]  
 White chocolate  9  8 (88%)  –  –  0.03  –  Various   [  26  ]  
 White chocolate  25  23(92%)  –  0.05  –  0.03  Brazil   [  31  ]  
 Milk chocolate  47  47 (100%)  –  –  0.12  –  Spain   [  26  ]  
 Milk chocolate  122  122(100%)  –  –  0.1  –  Spain   [  26  ]  
 Milk chocolate  228  52 (23%)  –  –  0.16  Various   [  7  ]  
 Milk chocolate  39  36 (92%)  0  0.41  0.08  Germany   [  30  ]  
 Milk chocolate  25  25 (100%)  0  0.45  –  0.15  Brazil   [  31  ]  
 Milk chocolate  7  5 (71%)  0  0.19  –  0.11  Canada   [  33  ]  
 Milk chocolate  78  21 (27%)  0  0.26  –  0.15  Italy   [  32  ]  
 Dark chocolate  35  52 (100%)  –  –  0.25  –  Spain   [  26  ]  
 Dark chocolate  52  52 (100%)  –  –  0.27  –  Various   [  26  ]  
 Dark chocolate  536  300 (60%)  –  –  –  0.26  Various   [  7  ]  
 Dark chocolate  25  25 (100%)  0  0.87  –  0.34  Brazil   [  31  ]  
 Dark chocolate  14  14 (100%)  0  0.88  –  0.38  Canada   [  33  ]  
 Dark chocolate  120  92 (77%)  0  0.74  –  0.20  Italy   [  32  ]  
 Dark/Bitter chocolate  78  78 (100%)  0  0.66  0.14  –  Germany   [  30  ]  
 Bitter chocolate  41  27 (66%)  0  0.94  0.35  Japan   [  34  ]  
 Bitter chocolate  25  25 (100%)  0  0.92  0.39  Various   [  31  ]  

 With regard to the secondary processing steps, studies demonstrate that most OTA is concentrated 
in the shell fraction and just a small part of the toxin contaminates the nibs  [  7,   36–  38  ] . About 50% of 
the toxin is physically removed by industrial shelling  [  7  ] , while handmade shelling reduces between 
50% and 100% of OTA contamination  [  36,   38  ] . In the next processing steps, the shelled cocoa (cocoa 
nibs) can follow two different ways, resulting in chocolate or powdered cocoa. Investigations demon-
strate that OTA remains bound to the nonfatty fraction of cocoa (see Table  5.1 ), so levels found in the 
butter are very low and the more cocoa solids a processing product has, the higher will be the amounts 
of OTA on it  [  7,   25,   37  ] . 

 Usually a high number of chocolate samples are positive to OTA (40–100%), but generally the 
OTA levels present in these products are low (see Table  5.1 ). As pointed out for cocoa products, these 
values are directly related to the amount of cocoa solids used in the chocolate formulation. The low 
amounts of cocoa solids used in chocolate and chocolate derivatives manufacture can explain the 
low levels of OTA in these products, outlining a relatively low contribution of cocoa and chocolate for 
human exposure to OTA in food intake.   
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 A fl atoxins are found as contaminants of food after the development of fungi in both pre- and posthar-
vest, the level of contamination depending on many environmental conditions and substrate factors. 
Although a wide range of foods are susceptible to a fl atoxin contamination, these toxins have been 
most commonly associated with groundnuts and groundnut products, dried fruit, tree nuts, spices, 
 fi gs, crude vegetable oils, cocoa beans, maize, rice, cottonseed, and copra  [  17  ] . An inhibition of their 
production in some substrates has been related to the presence of some food components such as caf-
feine and polyphenols  [  39–  41  ] . 

 The International Agency for Research on Cancer (IARC) has recognized the carcinogenicity of 
a fl atoxins since 1976 as a Group 1 carcinogen  [  16  ] . Given the proven knowledge of a fl atoxin B 

1
  as a 

primary carcinogen for humans, there are no recommended values of tolerable weekly intake (PTWI), 
since the presence of these contaminants in the diet should be as low as possible  [  17  ] . 

 The effects of a fl atoxins are dependent on the dose and exposure time. An acute exposure results 
in acute hepatotoxicity, with a mortality rate of approximately 25%. On the other hand, the occurrence 
of hepatocellular carcinoma due to chronic exposure of a fl atoxin has been widely documented, usu-
ally with a higher incidence in areas where infection with hepatitis B is endemic or in association with 
risk factors  [  42,   43  ] . 

   A fl atoxins in Cocoa and Chocolate 

 There are few data on the natural occurrence of a fl atoxins in cocoa, although in the 1970s methods 
were described for extraction and determination of a fl atoxins in cocoa beans  [  44,   45  ] . 

 Campbell  [  46  ]  reported the presence of a fl atoxins at levels up to 17 mg/kg in two of nine samples 
of cocoa beans analyzed, but in general this product has been set apart from the concerns of accumu-
lation of a fl atoxins because of the existing theory that caffeine inhibits the production of this myco-
toxin  [  47  ] . 

 In an extensive study carried out in Brazil  [  10  ]  despite the high number of a fl atoxigenic fungi iso-
lated during processing of cocoa on the farm, fortunately the levels of a fl atoxins found in the samples 
evaluated were low, suggesting the existence of antitoxigenic properties in cocoa, limiting the accu-
mulation of a fl atoxins in this product. This inhibition could be related to the high presence of poly-
phenols in the cocoa. The action of polyphenols on the synthesis and accumulation of a fl atoxins in 
food was observed by Molyneux et al.  [  41  ]  in oilseeds (walnuts, almonds, and pistachios). The 
researchers found up to 99.8% inhibition of the synthesis of a fl atoxins induced by the presence of 
these antioxidants  [  41  ] . 

 Concerning the presence of a fl atoxins in cocoa by-products, a project developed in Germany 
showed that 73.5% of the 334 products examined contained traces of a fl atoxins  [  48  ] . 

 Only two reports on the presence of a fl atoxins in chocolate are available on literature (Table  5.2 ). 
The survey carried out on 42 samples of bitter chocolate in Japan  [  34  ]  revealed 22 (52%) samples 
contaminated with mean a fl atoxin B1 concentrations of 0.18  m g/kg and a maximum of 0.6  m g/kg. 
A fl atoxin contamination was also reported by Copetti et al.  [  31  ]  when evaluating the co-occurrence 
of ochratoxin A and a fl atoxins in 125 samples of chocolate marketed in Brazil (powdered and bit-
ter, dark, milk, and white bars, 25 samples each). The analyses revealed the co-occurrence of these 
two mycotoxins in 80% of the samples, with presence of a fl atoxins at mean levels of 0.53, 0.66, 
0.43, 0.08, and 0.01  m g/kg in 96% of powdered, 100% of bitter, 100% of dark, 72% of milk, and 
20% of white chocolate samples, respectively. In the case of chocolate, besides concerns about 
a fl atoxins coming from cocoa fractions, an additional contamination from cocoa-butter substitutes 
is possible  [  49  ] .    
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   Mycotoxin Regulation in Cocoa and Cocoa By-products 

 Most of countries have not set regulatory limits for ochratoxin A and/or a fl atoxins in cocoa beans and 
cocoa products. Considering that cocoa products and chocolate are also consumed by children, and 
taking into account the studies carried out by Copetti et al.  [  9,   10  ] , the Brazilian Sanitary Surveillance 
Agency (ANVISA) decided to set limits for cocoa beans and cocoa products in 2011. The set limits 
were 10  m g/kg for cocoa beans and 5  m g/kg for cocoa products and chocolate, both for ochratoxin A, 
and a fl atoxins B 

1
 , B 

2
 , G 

1
 , and G 

2
   [  50  ] .   

   Summary 

 The presence of the mycotoxins ochratoxin A and a fl atoxin in chocolate is quite common, but fortu-
nately the levels reported in this product are low. Chocolate appears not be a major source of ochra-
toxin A and a fl atoxins in the diet, although one concern is the fact that products containing chocolate 
are widely consumed by children; thus, constant monitoring of their occurrence in these products is 
necessary.      
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    Introduction 

 Having been consumed for centuries without apparent ill effect, cocoa and chocolate were until 
recently subjected to little scrutiny or regulation with regard to their content of toxic metals. In 1981, 
for example, the World Health Organization  [  1  ]  set the standards for arsenic (As), lead (Pb), and 
copper (Cu) in cocoa powder at what seem today the extraordinarily high levels of 1, 2, and 50 mg/kg, 
respectively, and publications for the next 20 years were entirely restricted to reporting regional levels 

    Chapter 6   
 Nonnutritive Constituents in Chocolate and Cocoa       

      William   I.   Manton               

 Key Points 

    Contaminants include the toxic metals lead, cadmium, and nickel; the pesticides; and ochratoxin • 
A, a mold-produced toxin.  
  Lead, ochratoxin A, and probably pesticides are associated with the shells and enter cocoa and • 
chocolate through imperfect shell removal.  
  Lead, though present in soil, is not taken up by the plant. What lead is found in cocoa and chocolate • 
results from beans being dried on bare soil, which adheres to the shell or from which it is absorbed 
by the shell.  
  Cadmium and nickel are taken up by the plant from the soil, and the concentration in the bean • 
depends on soil type. Fertilizer use may increase the cadmium content of the soil.  
  Ochratoxin A concentration in cocoa powder is greater than expected from simple inclusion of • 
shell fragments, as if, like lead, it is concentrated during processing.  
  Concentrations of contaminants are generally within mandated guidelines, and the fraction of • 
chocolate products in the diet is so small that what contaminants are present will have little effect 
on overall intake.    
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of these elements  [  2–  5  ] . Even market basket surveys that showed chocolate and chocolate-containing 
products to have cadmium (Cd) and Pb levels conspicuously greater than those of most foods  [  6,   7  ]  
excited little interest from the viewpoint of public health. The situation changed in 1986 with the pas-
sage of California’s Safe Drinking Water and Toxic Enforcement Act, commonly referred to as 
Proposition 65  [  8  ] , which allows private parties acting in the public interest to bring civil suits against 
businesses that market products containing toxic substances introduced by human activity. Under this 
statute, the American Environmental Institute in 2002 brought suit against the principal chocolate 
manufacturers doing business in the United States on the grounds that Pb contained in chocolate was 
adversely affecting children’s health  [  9  ] . Though it was later dropped, the suit drew attention to the 
potential health effects of metals in cocoa, and, after a number of instances of Pb-contaminated candy 
were widely reported in the press, the US Food and Drug Administration set a guideline of 0.1 mg/kg 
for Pb in chocolate  [  10,   11  ] . It is important to note that they addressed only the  fi nished product and 
advised the manufacturers to “source their raw materials appropriately.” International standards for 
Pb in cocoa products are still set by the United Nations Codex Alimentarius Commission. In 2000, 
they proposed to reduce the standard for cocoa to 1 mg/kg and proposed applying the same value to 
cocoa mass and chocolate. For cocoa butter, they proposed 0.1 mg Pb/kg and, only for chocolate, 
standards of 0.5 mg As/kg and 20 mg Cu/kg  [  12  ] . None of these values has yet been formally adopted, 
however. The inclusion of As and Cu is questionable as it has been many years since Pb arsenate was 
last used as a pesticide and Cu is not generally considered toxic. Although concern has been expressed 
over cadmium (Cd) and nickel (Ni) in cocoa, the commission has not yet addressed the question of 
setting standards for them, but some countries have acted independently and set their own. Current 
interest in toxic metals in cocoa and chocolate is re fl ected in the number of publications that have 
appeared in recent years  [  13–  21  ] . 

 Quite apart from the problem of metals is that of insecticides and fungicides which make for the 
never-ending experiment of adding toxic substances to the environment and  fi nding out the rate at 
which they have to be replaced either because target species become immune to them or because the 
ecosystem cannot withstand them. The  fi rst insecticides to be introduced were the organochlorines 
with familiar names like DDT, dieldrin, lindane, and chlordane. With generally low volatility (lin-
dane, however, is quite volatile) and chemical stability, they were both ef fi cient and cost-effective, but 
their persistence in the food chain and accumulation in higher animals brought about their ban in 
developed countries. In the 1950s, they were replaced by the organophosphates, of which parathion 
and malathion are the best known and by the carbamates, typi fi ed by Sevin and propoxur. As both 
types are toxic to humans, they have been in part replaced by the pyrethrins which have low toxicity, 
are readily metabolized, and break down in the environment. In the 1990s, neonicotinoids were intro-
duced and are favored by having lowest mammalian toxicity, but the fact that they act systemically 
creates a new set of problems in that they may kill pollinators  [  22  ] . In its native environment in the 
Amazon basin, the cocoa tree is not immune to pests and disease and, after having been introduced 
into Africa and Asia, has been beset by species indigenous to those regions. As a consequence, it has 
been and is vigorously treated with insecticides and fungicides. However, in contrast to all other major 
crops, 95% of cocoa production is in the hands of smallholders living in rural areas who may apply 
pesticides inconsistently or inappropriately or may use up old stocks of banned materials  [  22–  24  ] . 
Another source of pesticides are the fumigants that have to be applied to piles of sacked beans awaiting 
shipment or sprayed into containers during transport to avoid spoilage by warehouse moths and 
beetles. Cocoa beans can also be contaminated by the herbicides used to control weeds in the 
plantations  [  22  ] . 

 Finally, molds growing on beans while they are drying after fermentation may produce toxic 
metabolites (mycotoxins) that on a weight for weight basis are more toxic than pesticides. These 
include the a fl atoxins and ochratoxins, of which ochratoxin A is of most concern.  
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   Contaminants, Toxic Effects, and Regulatory Values 

   Metals 

   Lead 

 Lead occurs in house dust and soil and in the diet. It is absorbed through the gut, and upon entering 
plasma, about 50% is sequestered in bone and more than 99% of the remainder becomes bound to the 
red cells. Clinical Pb poisoning in adults typically manifests itself as peripheral neuropathy resulting 
in wrist drop and, in children, as encephalopathy. Such cases seldom occur today thanks to vigorously 
enforced regulations and overall awareness of the danger through aggressive advertising. Of interest 
here is subclinical poisoning, the sequelae to sustained exposure to low levels of Pb. In children, 
de fi cits in IQ are well documented  [  25,   26  ] , and a blood Pb concentration of 10  m g/dL is taken as the 
threshold of harmful neurodevelopmental effects  [  27  ] , though some would have that  fi gure 
reduced  [  28  ] . Blood Pb concentration has been shown to correlate with blood pressure in adult men 
 [  29  ] , in black as opposed to white men and women  [  30  ] , and in perimenopausal and postmenopausal 
women  [  31  ] . Lead is excreted through the kidney and follows  fi rst-order kinetics with a half-life of 
about 20 days so that blood Pb concentration can be calculated for a given intake and body mass. 
Dif fi culties arise because the absorption of Pb varies in the presence of Ca and because Pb may be 
almost completely absorbed if it is ingested on an empty stomach, as happens when children mouth 
soiled  fi ngers and hands. To account for variations in day-to-day exposure, the concept of a provi-
sional tolerable weekly intake (PTWI) was introduced by the United Nations’ Joint Expert Committee 
on Food Additives (JECFA) and set at 0.025 mg/kg body weight. This  fi gure, however, has been 
revoked on the grounds that it is associated with a de fi cit in IQ of three points in children and an 
increase of 3 mmHg in systolic blood pressure in adults and so cannot be considered as health 
protective  [  32  ] .  

   Cadmium 

 Plants readily take up Cd that is naturally present in soil  [  33,   34  ] , rendering exposure universal 
whether through the diet or through smoking. Absorbed through the gut, it is detoxi fi ed by binding to 
the cysteine-rich protein metallothionein, which is synthesized de novo in the liver, and is ultimately 
stored in the cortex of the kidney where it has a half-life of about 15 years. Occupational exposure 
may produce renal tubular damage usually monitored by the excretion of the low-molecular-weight 
protein  b 2 microglobulin. There is evidence, however, that low-level environmental exposures dam-
age the kidney  [  35–  37  ]  and cause bone loss in women  [  38,   39  ]  and possibly also breast cancer  [  40  ] . 
In view of the long half-life of Cd in the body, JECFA proposed that exposure should be averaged over 
a period of at least a month and implemented a provisional tolerable monthly intake (PTMI) of 
0.025 mg/kg body weight  [  32  ] , superceding the PTWI of 0.007 mg/kg body weight. In an independent 
review, the European Food Safety Authority concurred with this  fi gure  [  41  ] .  

   Nickel 

 The diet contains large amounts of Ni which plants take up to different degrees from the soil. 
Gastrointestinal absorption is low at about 1%. The principal health effect of nickel is allergy which 
affects 10–20% of the population. Sensitized individuals will develop a skin rash after contact with 
nickel or nickel-plated objects such as buttons or jewelry. Occasionally ingestion of food items such 
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as chocolate with a high nickel content results in eczema  [  42,   43  ] . There is no PTWI for nickel, only 
a tolerable daily intake (TDI) of 0.012 mg/kg body weight  [  44  ] .  

   Pesticides 

 Urban dwellers encounter agricultural pesticides as residues in food, and most have detectable quanti-
ties of the environmentally more persistent varieties in their adipose tissue. The organochlorines are 
of particular concern in that they are potential endocrine disruptors and carcinogens  [  45  ] . That they 
might cause breast cancer has been examined by several groups over the period 1995–2005 without 
any clear-cut positive correlation being found  [  46–  52  ] . On the other hand, an association has been 
found with non-Hodgkin’s lymphoma and the organochlorine heptachlor epoxide and, at the highest 
concentrations in adipose tissue, with dieldrin and chlordane  [  53  ] . Blood serum levels of  b  hexachlo-
rocyclohexane (beta-HCH), which constituted 5–14% of technical grade lindane, have been found 
associated with Parkinson’s disease  [  54,   55  ] . Up to this point, the residues of a few pesticides in cocoa 
beans have been regulated. The Codex Alimentarius set maximum residue limits (MRLs) of 0.2 mg/
kg for endosulphan (an organochlorine insecticide) and metalaxyl (a systemic fungicide) and 0.01 mg/
kg for the fumigant phosphine (hydrogen phosphide)  [  56  ] . The US Food and Drug Administration 
placed an action level of 1 mg/kg for DDT, TDE, and DDE and 0.5 mg/kg for benzene hexachloride 
and lindane  [  57  ] . Most recently, the European Union has published MRLs for a large number of pes-
ticides in fermented cocoa beans  [  58  ] , a decision that has caused some concern in the cocoa industry 
 [  22  ] . The US EPA lists tolerances for some substances in cocoa beans and cocoa products  [  59  ] . These 
include pyriproxyfen (0.02 mg/kg), a pesticide that acts on larvae, pyrethrins (1 mg/kg), and the newly 
introduced insecticide chlorantraniliprole (0.08 mg/kg)  [  60  ] .    It lists tolerances for several herbicides 
including glyphosate (0.2 mg/kg) and paraquat (0.05 mg/kg), for the fungicide chlorothalonil (0.05 mg/
kg), and for residues of the fumigants phosphine (0.1 mg/kg) and sulfuryl  fl uoride (0.2 mg/kg). It 
should be mentioned that Bateman  [  22  ]  does not record pyriproxyfen, chlorantraniliprole, or chloro-
thalonil as being used on African plantations but notes that the herbicide 2,4-D, which for cocoa is 
omitted from the EPA list, is widely used.   

   Mycotoxins 

   A fl atoxins 

 Having caused widespread poultry poisoning in the 1960s through consumption of contaminated feed 
 [  61  ] , the a fl atoxins have been scrutinized for their potential of causing human disease, chie fl y through 
the consumption of maize and peanuts. Although in large doses they cause liver cancer in rats, they 
have not been conclusively shown to be carcinogenic in humans  [  62  ] . During the fermentation, dry-
ing, and storage of cocoa, the mycotoxin-producing  Aspergillus  species  fl ourish, but for reasons not 
clearly understood, little a fl atoxin is produced  [  63  ] .  

   Ochratoxin A 

 Ochratoxin A, which is also produced by  Aspergillus  species, is of widespread occurrence in 
grains and nuts and, if contaminating animal feed, in meat and milk and thus also in breast milk. 
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It is primarily nephrotoxic to all species and in animals has been shown be teratogenic and 
carcinogenic, inducing renal tumors  [  64,   65  ] . It has been suggested that it may be a factor in testicular 
cancer  [  66  ] , the incidence of which has been increasing in Europe  [  67,   68  ] , and exposure to chocolate 
in utero and in early life has been put forward as a factor  [  69  ] . The PTWI is set at 100 ng/kg bw/week 
 [  70  ] , but it has been proposed that this is too high by a factor of 10 and that a virtually safe dose of 
1.8 ng/kg bw/day should be adopted  [  65  ] .    

   Agricultural Practices and Cocoa Bean Processing 

   Growing and Harvesting 

   Distribution 

 Cocoa is a subtropical crop that is grown across the world in regions within 10° of the equator. 
Production is dominated by the African countries of Ivory Coast and Ghana which together produced 
about 59% of that grown in 2005/2006. Indonesia, principally the island of Sulawesi, was second with 
13%. The remaining production comes from the African countries of Nigeria, Cameroon, and 
Madagascar; Malaysia and various Paci fi c Islands like New Britain, Papua New Guinea, Vanuatu, and 
Hawaii; Central and South American countries including Mexico, Ecuador, Venezuela, Panama, Peru, 
and Brazil; and the Caribbean islands of Grenada and Hispaniola. Thus, cocoa is grown on soils ulti-
mately derived from a variety of igneous rock types: granites in the case of the African countries, 
Brazil, Peru, and Venezuela and basaltic to andesitic lavas in the Paci fi c Islands and the Caribbean. 
Each soil will have a different content of trace elements.  

   Fertilizing 

 To obtain maximum production, both shade and nutrition must be managed  [  71  ] . For mature plant-
ings, nutrition requirements are 438 kg/ha for nitrogen, 48 for phosphorus, and 633 for potassium. 
The need for phosphorus often exceeds its availability in soil despite the fact that about 50% is returned 
through leaf litter and, if yields are to be increased, it is found that nitrogen applications must be 
accompanied by phosphorus.  

   Diseases 

 Cocoa is affected by a number of diseases including those caused by fungi – black pod rot which is 
found worldwide  [  72  ] , witches’ broom and frosty pod rot which are restricted to the Americas  [  73  ] , 
and vascular streak dieback restricted to SE Asia  [  74  ] . Quarantine of young plants, sanitation, shade 
reduction, and canopy management help reduce the incidence of infection, and applications of Cu as 
oxide or hydroxide or of metalaxyl are the most commonly used treatments. Fungal diseases cause 
the greatest crop losses. Next are losses caused by insects, in particular the sap-sucking capsids or 
mirids found in all growing countries and the cocoa pod borer restricted to SE Asia. These have been 
treated in the past by the whole spectrum of insecticides. Other diseases include swollen shoot virus 
which is restricted to W Africa. Being transmitted by mealy bugs  [  75  ] , it is also controllable by 
insecticides.  
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   Harvesting 

 Pods grow on the trunk and branches of the tree. When ripe, they are harvested with machetes and are 
cut open. The beans, covered by a white pulp or mucilage, are then scooped out, pooled, and fer-
mented. Smaller growers do this in the  fi eld by piling the beans into heaps which they then cover with 
banana or plantain leaves. Others may use baskets. Larger growers will use wooden boxes. During 
fermentation, bacteria consume the glucose- and fructose-rich pulp and raise the temperature of the 
mass to 50°C. The process produces watery  fl uids or sweatings that soak the shells. The beans must 
then be dried and again the procedure varies. In the simplest case, they are spread out on the ground 
or on mats to dry in the sun. More elaborate is to place them on wooden racks. In climates with an 
insuf fi cient number of sunny days, they may be force-dried by heated air. To prevent damage by mold 
or moths, piles of sacks or containers must be fumigated. Some processing may be done in the country 
of origin because partially processed material is cheaper to ship, being lighter than whole beans of 
which about 10% may be shell.     

   Processing 

 Upon arrival at the processing plant, unwanted debris are removed by means of vibrating screens, and 
the beans are washed to remove any soil particles. High-velocity impaction against steel plates is used 
to break the shells free from the kernels or nibs as they are known in the industry. Shell fragments are 
separated from the nibs by winnowing. Total separation is unachievable, and up to 1.7% of shell mate-
rial may legally be processed with the nibs but, in practice, 1% is usually achieved. Nibs are then 
ground to less than 30  m m at which point the fat-containing vesicles rupture and a viscous  fl uid vari-
ously called cocoa mass or cocoa liquor is produced. At some point, the material is sterilized by roast-
ing. This may be done at the beginning before removal of the shells or after production of the liquor. 
The liquor may be retained for chocolate manufacture or be hydraulically pressed to remove the fat or 
cocoa butter, leaving behind a solid mass termed cocoa cake. At some point, either the nibs or the cake 
may be treated with alkali to develop color or reduce acidity. Grinding of the cake produces cocoa 
powder which is used in baked products or chocolate- fl avored drinks. In the manufacture of choco-
late, the liquor is further ground to the point where the surface area of the solid material has reached 
the point where it can no longer be coated by the available fat and the material becomes powdery. 
Cocoa butter and sugar are added to make dark chocolate and these ingredients plus milk powder to 
make milk chocolate. All must be ground to less than 30  m m and thoroughly mixed in a process called 
conching to ensure even coating of the ingredients with fat. The liquid mixture is then poured into 
molds where it solidi fi es at room temperature. Detailed descriptions of the chocolate making process 
can be found in Beckett et al.  [  76  ] .   

   Contamination Pathways 

   Metals 

 Potential sources of metal contamination are physiological uptake from the soil, airborne fallout on 
beans while drying or being transported, adsorption of ions on to shell from soil while drying, adhesion 
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of soil to beans, incorporation of shell fragments into cocoa liquor, contamination from grinding 
equipment, and airborne contamination of chocolate during processing. 

   Physiological Uptake 

 While plants naturally take up Cd and Ni from the soil and translocate them to their tissues  [  33, 
  34  ] , whatever Pb may be taken up tends to stay in the roots  [  77  ] . This is true for cocoa, because 
the Pb content of the shells and nibs of freshly harvested and conservatory grown beans are about 
1  m g/kg  [  15,   19  ] . The Cd content of cocoa is reported to vary according where it is grown, 
Mounicou et al.  [  13  ]  stating that South American varieties except Brazil have higher contents than 
those from West Africa and Malaysia. In geological terms, this implies that cocoa grown on the 
volcanic rocks of the Andes has a higher Cd content than that grown on the Precambrian granites 
of Brazil and West Africa. The Malaysian samples referred to above may have been derived from 
granitic soils of eastern Peninsular Malaysia  [  78  ]  because the soils in the principal growing region 
of Tawau in northern Borneo are volcanic  [  79  ]  and cocoa grown on them has a high Cd content  [  5  ] . 
Tropical soils are typically acid, resulting in aluminum toxicity, and are leached of nutrients. They 
are usually remediated by liming and fertilization  [  80  ] . Fertilizers derived from rock phosphate 
typically have high Cd contents and their use can increase the Cd content of crops including 
cocoa  [  81,   82  ] .  

   Airborne Fallout 

 Phase out of leaded gasoline began in the United States in 1975 and was completed in 1996 as was the 
case for most countries of Europe. The rest of the world followed more slowly. and a compilation 
made in 2005 indicated that 81 countries had not banned its use, including the cocoa producers of 
Cameroon, Indonesia, Ivory Coast, Madagascar, Sao Tome and Principe, Vanuatu, and Venezuela. 
Peru had banned it the year earlier. In 2011 the list had fallen to six, none of which are cocoa produc-
ers  [  83  ] . Contamination of beans could occur during drying by direct atmospheric fallout or from 
contact with previously contaminated soil.  

   Ion Adsorption 

 In common with other biomass, cocoa shells have the ability to adsorb metal ions from solution. 
Meunier et al.  [  84  ]  state that from strongly acid solutions, the adsorption for the metals of interest is 
Pb > Cd = Cu > Ni. Thus, if adsorption occurs at neutral pH, it is possible that the shells will take up 
these metals while drying on the soil  [  19  ] . In the case of Pb, both naturally occurring and contaminant 
Pb may be simultaneously adsorbed. Soil Cd, whether natural or from fertilizer, and Ni may likewise 
be adsorbed and increase the amount naturally present in the shell.  

   Contamination by Soil 

 If wet beans are dried on bare earth, soil particles will stick to the shells. Beans are washed at the 
processing plant, but it is possible that some soil particles will not be removed and act as a source of 
trace metals. The content of ash insoluble in HCl in cocoa is permitted to be 0.3% or 3 g/kg and may 
have been put in place to limit the quantity of soil.  
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   Shell Fragments 

 The winnowing process is about 99% ef fi cient in separating shells from nibs, and some shell material 
is inevitably ground with the nibs. Industry standards allow 1.7% of shell material in cocoa liquor. 
The shells are the principal source of Pb in cocoa products, but it is unclear how much of the metal is 
bound to the shell and how much is merely in soil adhering to the shell  [  19  ] . The extent to which the 
presence of shell affects the concentration of Cd and Ni in cocoa depends on the relative concentration 
in the shell and the nib.  

   Contamination by Grinding Equipment 

 Nibs are ground to size in a series of mills, usually  fi rst an impact mill followed by either ball or disc 
mills. The materials used, hardened steel, or silicon carbide should add no more contaminants than are 
found in other mechanically ground foods.  

   Contamination During Chocolate Manufacture 

 In chocolate manufacture sugar – and milk powder if milk chocolate is to be made – is ground and 
added to cocoa mass and cocoa butter. Then follows the mixing process of conching. Today, this is 
done in enclosed rotary conches but in the past was carried out in so-called long conches, which could 
be open or partially open vessels into which ingredients were shoveled manually. Under such condi-
tions, it would seem there was much opportunity for contamination by airborne particulate, especially 
as conching could take 72 h.   

   Pesticides 

 Pesticides historically used on cocoa were applied topically and killed the target pest by direct or 
secondary contact or through ingestion  [  22  ] . Experiments with radiolabeled propoxur showed that 
penetration from the surface of the pod to the beans does not occur  [  85  ] , raising the question of how 
beans become contaminated if they are not directly sprayed. To answer this, it seems inevitable that 
when handling pods, which are not washed, workers’ hands will become contaminated by pesticide 
residues that they will transfer to the beans when scooping them out of the pods. Organochlorines 
have very low solubilities in water and tend to bind to soil particles where they persist for long periods 
even in subtropical climates  [  86  ] . Thus, if beans are set out to dry on bare earth, it is likely that they 
will also acquire pesticides from the soil that inevitably sticks to them. Another possible route is from 
pallets that may have been vigorously treated against termites  [  22  ] .  

   Mycotoxins 

 The development of molds and concomitant production of ochratoxin A in cocoa is greatest if broken 
pods have been stored before being fermented  [  87  ] , but only about half of the beans that are fermented 
are affected  [  88  ] . Ochratoxin A is located on the shells of the beans  [  89  ] . It is stable with a half-life of 
200 min at 150°C  [  90  ]  and will largely survive the cocoa roasting process which is carried out between 
110°C and 140°C for up to 45 min and 1 h  [  76  ] .   



816 Nonnutritive Constituents in Chocolate and Cocoa

   Current Status of Contaminants 

   Metals 

   Lead 

 Recent studies  [  15,   19  ]  have demonstrated that the shells of cocoa beans may contain between 0.9 and 
3 mg/kg of Pb, while the nib contains about 1  m g/kg. With such a disparity, it is near impossible to 
prepare a nib sample that has not been to some extent contaminated by the shell, and it is not surpris-
ing that earlier studies reported nib concentrations too high by factors of 10–1,000  [  2,   4  ] . The incor-
poration of up to 1.7% of shell material in cocoa mass, though small, will greatly increase the Pb 
content over that in the nibs alone, and concentrations in cocoa powder ranging from 0.03 to 0.65 mg/
kg have been reported  [  15,   19  ] . Even so, the actual content of Pb in cocoa powder is possibly as much 
as 10 times higher than expected, leading Manton  [  19  ]  to propose that during winnowing, a metal-rich 
dust is formed that contaminates the surfaces of the nibs. The origin of the Pb on the shell has been 
disputed. Rankine et al.  [  15  ]  postulated it was entirely the result of contamination by leaded gasoline 
during harvesting and transportation. Manton  [  19  ] , on the other hand, showed that the shells also 
contained the nonessential lanthanide elements neodymium (Nd) and samarium (Sm), which, taken 
with the presence of insoluble silicate mineral residues, implied that the Pb at least in part was derived 
from that naturally present in soil. From the apparent age of the soil protolith (determined from 
Sm-Nd isotope systematics), it was possible to identify where the cocoa was grown, and it turned out 
that cocoa originating from Sulawesi had on average twice the Pb content of that from Africa. From 
Pb isotope systematics, it could then be shown that the Pb in the Sulawesi samples was an equal mix-
ture of natural Pb and Australian Pb, which was probably derived from gasoline, as Indonesia was one 
of the last countries to phase out leaded fuel. In contrast, the Pb contained in African cocoa appeared 
entirely derived from that naturally present in soil. 

 In reporting the Pb content of chocolate, it is conservative to report that of dark chocolate which 
may contain up to 70% cacao rather than milk chocolate which is diluted by powdered milk and sugar. 
For US-produced chocolate, concentrations between 0.012 and 0.275 mg/kg have been reported 
 [  11,   15,   19  ]  and for Europe a range of 0.017 to 0.510 mg/kg  [  19  ] . Concentrations that are similar to 
US values are reported from Saudi Arabia  [  20  ] , but from other countries, much higher concentrations 
have recently appeared in the literature. For example, Dahiya et al.  [  14  ]  found dark chocolate sold in 
Mumbai to contain between 0.24 and 8.0 mgPb/kg, and from Pakistan, Jalbani et al.  [  18  ]  report choc-
olate containing 1.11–48 mg Pb/kg. In Turkey Duran et al.  [  17  ]  report concentrations between 0.84 
and 2.06 mgPb/kg in “cocoa-based candies,” while Iwegbue  [  21  ]  reports Nigerian chocolate having 
concentrations from less than 0.4 to 2.3 mg/kg with a mean value of 0.8 mg Pb/kg.  

   Cadmium 

 The Cd content of cocoa varies greatly, Mounicou et al.  [  13  ]  reporting a 20-fold range from 0.094 to 
1.83 mg/kg. A similar variability occurs in chocolate. Srogi  [  16  ]  reported a range from 0.01 to 0.05 mg/
kg for Polish chocolate, and Iwegbue  [  21  ] , a mean value of 0.07 mg/kg for Nigeria. These values are 
similar to the 0.028 mg/kg obtained for milk chocolate analyzed in recent US total diet surveys  [  91  ] . 
Higher values are reported from other countries. For example, from Mumbai, Dahiya et al.  [  14  ]  report 
a mean of 0.24 mg/kg; from Turkey Duran et al., a mean of 0.24 mg/kg  [  17  ] ; from Malaysia Lee and 
Low  [  3  ] , a mean of 0.32 mg/kg; and from Pakistan Jalbani et al.  [  18  ] , a mean of 0.35 mg/kg. 
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The reason for the variation is usually ascribed to andesites having a higher Cd content than other 
igneous rocks, but there are too few published analyses to say whether this is generally true. In 
Malaysia, however, where Fauziah et al.  [  5  ]  carried out a detailed study of the distribution of Cd, Cu, 
Ni, and Zn in tissues of the cocoa tree, it is well established that soil developed on andesite contains 
far more Cd than the median concentration of 0.06 mg/kg reported for world soils  [  92  ] . Working with 
alluvial and volcanic soils that ranged in Cd content from 0.3 to 1.9 mg/kg, they found that the uptake 
of Zn and Cu did not vary with soil content but that of Cd did. Furthermore, extractable Zn and Cd 
correlated with available P, indicating that those elements had been added by fertilizer derived from 
rock phosphate.  

   Nickel 

 Nickel concentrations have been reported only from chocolate, and, while there may be a large range 
from sample to sample, average values for different countries differ by a factor of 5. The lowest of 
1.05 mg/kg is reported by Duran et al.  [  17  ]  from Turkey followed by Scrogi et al.’s  [  16  ]  values of 
1.–2.2 mg/kg from Poland. These are similar to the US milk chocolate value of 1.0 mg/kg  [  91  ] . Means 
of samples in Mumbai, Pakistan, and Nigeria were, respectively, 2.8, 4.3, and 5.4 mg/kg  [  14,   18,   21  ] . 
The last is unexpected because the Ni content of granite is one-tenth that of basalt  [  93  ]  and the 
Nigerian samples, grown on granite, should be among the lowest. Fauziah et al. [ 5 ] reported concen-
trations of both Cd and Ni in cocoa, and if their measurements are plotted, a straight line passing 
through the origin results. The slope of the line is ten which is similar to the Ni/Cd ratios of chocolates 
from Mumbai and Pakistan and may indicate that they were made from Malaysian beans.   

   Pesticides 

 The content of pesticides has become tightly regulated with the implementation of Regulation (EC) No 
396/2005 of the European Parliament  [  94  ]  and the US Food Safety Modernization Act  [  95  ] , which was 
enacted into law early in 2011. The European law sets out maximum residue limits (MRLs) for pesti-
cides in foods imported into the European Union. The US law is far reaching and calls for inspections 
of foreign facilities where fumigation is carried out, places responsibility upon importers for certifying 
that foods they import are safe, and requires traceability and extensive record keeping. Though pesti-
cides residues are of great concern, it is dif fi cult to  fi nd published studies beyond the listing for milk 
chocolate in the USFDA total diet survey where lindane was found present in all 44 samples analyzed 
in concentrations ranging from 0.1 to 6.0  m g/kg with a mean value of 1.7  m g/kg  [  96  ] . Other pesticides 
appeared in less than half the samples and maximum concentrations were generally less than 10  m (mu)
g/kg. The  fi gure for lindane should be viewed in the light of the MRL of 1 mg/kg in the European 
Union database  [  58  ]  and 0.5 mg/kg for the USFDA action level  [  57  ] . In FY 2006, the FDA reports that 
for 20 samples of imported “candy, chocolate, and cocoa products,” none was out of compliance  [  97  ] . 
If pesticides are associated with the shells, the level in cocoa can be expected to be low. 

 Fumigation of stored cocoa is necessary to avoid infestations of pests like warehouse moths and 
beetles, and in the past, methyl bromide and phosphine have been used. Both are highly toxic gases, 
and the  fi rst was banned in developed countries in 2004 under the Montreal Protocol for its potential 
damage to the ozone layer. However, the US EPA is withdrawing its replacement sulfuryl  fl uoride, 
which it approved in 2004, on the grounds of children’s heath, because the residues could result in 
excessive exposures to  fl uoride  [  98  ] .  
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   Ochratoxin A 

 Serra Bonvehí  [  99  ]  carried out an industrial scale experiment examining the distribution of ochratoxin 
A in the various products of processing. The highest mean concentration of 11  m g/kg was found in 
roasted shell, while those in nibs and cocoa butter were below the detection limit of 0.10  m g/kg. The 
mean concentration in cocoa powder was 2.41  m g/kg which is at least ten times greater than would be 
expected if the powder contained 1% by weight of shell. The situation is thus similar to that reported 
for Pb  [  19  ] . 

 The regulation proposed by the European Union to set maximum levels of ochratoxin A in imported 
cocoa and chocolate, respectively, at 2 and 1  m g/kg would have caused about 40% of imported cocoa cake 
to be rejected  [  99  ] , and these levels have since been withdrawn. The proposed regulation did stimu-
late interest in the problem, and ochratoxin A concentrations in cocoa and chocolate have been pub-
lished for Canada  [  100  ]  and Italy  [  101  ] . For Canada, most samples analyzed fell below the limits 
originally proposed, and in the case of Italy, all did. On average, alkalized Canadian cocoa had a 
higher ochratoxin A concentration than untreated powder, an observation for which there is no ready 
explanation.   

   Strategies to Reduce Contaminants 

 Lead contamination and soilborne pesticide contamination can be essentially reduced to zero if 
beans are not placed on bare earth to dry. Drying on tarpaulins or plastic sheets may have the advan-
tage of reducing ochratoxin A since it is known that wooden racks tend to harbor Aspergillus spe-
cies, and if coffee is any guide, drying on tarpaulins with frequent raking will reduce production of 
the toxin  [  102  ] . The use of galvanized wire racks is probably inadvisable as the shells may take up 
Pb and Cd from them. As there seems to be an unintended ampli fi cation of Pb and ochratoxin A dur-
ing processing (and probably also pesticides), it is desirable to keep contamination of the shell as 
low as possible. Contamination with Cd and Ni is unavoidable as they are naturally taken up from 
the soil. If soil derived from andesitic lavas is avoided, Cd contents can be minimized but the use of 
phosphate fertilizer will add Cd to the soil. The work of Lee and Low  [  3  ]  indicates that the Cd con-
tent of nibs is half that of the shells. In view of this, drying beans on the ground will probably have 
little effect on the Cd content of cocoa. As granite contains little Ni, cocoa from Africa and Brazil is 
expected to be lower than that from other regions, and cocoa grown on basalt or serpentine will be 
the highest. Modern processing equipment will add little in the way of contamination, but there may 
be countries where the old-fashioned long conches are still used. If so, there would be a possibility 
of contamination from airborne Pb. Enough seems to be known of the level of Pb that can be acquired 
during harvesting that the levels of Pb recently reported in chocolate from India, Turkey, and Pakistan 
 [  14,   17,   18  ]  must be ascribed to post-harvesting sources. The problem of residues from chemical 
fumigation could be solved by turning to physical techniques. Finkelman et al.  [  103  ] , for example, 
showed that after 3 days storage at 100 mmHg and 30°C, eggs of moths and beetles were no longer 
viable. 

 In the  fi nal analysis, it must be remembered that chocolate products constitute a minor part of the 
diet. In the European diet, they total 4% of the total weekly dietary intake  [  101  ] , and in the US diet, 
the characteristic Pb isotopic signature of cocoa and chocolate is overwhelmed by those from other 
sources  [  19  ] . On the other hand, chocolate products are the major source of some  fl avonoids which 
may reduce the chance of heart disease  [  104  ] .      
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    Introduction 

 Chocolate has a distinctive aroma character that is strongly dependent on its proportion of cocoa 
powder and the quality of raw cocoa used for its production. The aroma quality of raw cocoa is deter-
mined by bean genotype, growth conditions, and processing factors  [  1–  3  ] . Fermentation is a key 
processing stage that causes the death of the beans and facilitates the removal of the pulp and subse-
quent drying. During this stage, there is initiation of aroma formation, color development, and a 
signi fi cant reduction in bitterness. Essential precursors of the chocolate- and cocoa-speci fi c aroma 
notes are generated during this stage by acid-induced proteolysis of the vicilin-type (7S) globular 
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 Key Points 

    Chocolate- and cocoa-speci fi c aroma is formed during roasting of fermented, but not of unfermented, • 
cocoa beans.  
  Essential components of the chocolate- and cocoa-speci fi c aroma are generated by heat-induced • 
Maillard reactions of free amino acids and peptides with reducing sugars.  
  Essential aroma precursors are derived from the vicilin (7S)-class globular storage protein of the • 
cocoa beans by acid-induced successive degradation by endogenous aspartic endoprotease and 
carboxypeptidase activities.  
  Effects of the time course of acidi fi cation and the  fi nal pH values of cocoa fermentations on the • 
aroma potential of the resulting raw cocoa are due to the differential pH optima of the aspartic 
endoprotease and the carboxypeptidase of the cocoa beans.  
  Genotype-dependent differences in the aroma potential of cocoa clones are at least partly due to • 
varying contents of the vicilin (7S)-class globular storage protein and/or the amounts and activities 
of the aspartic endoprotease and carboxypeptidase of the cocoa beans.    
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storage protein of the cocoa beans  [  4,   5  ] .    During roasting of the fermented cocoa beans, the typical 
aroma notes of chocolate and cocoa are formed by heat-induced chemical reactions of these proteolysis 
products with reducing sugars, including Maillard reactions  [  4  ] . These cocoa-speci fi c aroma notes, 
which become volatile at temperatures around 30°C, are predominant in dark, bitter-tasting chocolate, 
less pronounced in  fi ne chocolates, almost absent in milk chocolates, and completely absent in white 
chocolate  [  6  ] . The speci fi c aroma notes of  fi ne chocolates are formed in the pulp and are taken up by 
the beans during fermentation  [  5  ].   

   Cocoa-Speci fi c Aroma Components of Dark Chocolates and Cocoa Powder 

 The typical chocolate aroma is characteristic for dark, bitter-tasting chocolate and depends on its high 
proportion of cocoa powder. Dark chocolate and cocoa powder contain several hundred volatile con-
stituents, including pyrazines, thiazoles, oxazoles, pyrrole derivatives, pyridines, and furans  [  6–  8  ] , and 
it is still dif fi cult to assess which components really contribute to the speci fi c chocolate aroma. 
Candidates are those compounds which are more or less prominent in both cocoa powder and dark 
chocolate but are considerably less prominent in the volatile fraction of milk chocolate. Key aroma 
compounds have been identi fi ed in milk and dark chocolates as well as in cocoa powder using GC–mass 
spectrometry and GC–olfactometry  [  9–  16  ] . Aroma extract dilution analysis of the volatile fractions of 
dark chocolate revealed that three constituents had a strong chocolate aroma: 2-methylpropanal, 
2-methylbutanal, and 3-methylbutanal (Table  7.1 ). Many other components of the volatile fractions of 

   Table 7.1    Aroma components with cocoa- and chocolate-related sensorial attributes detected in raw 
cocoa or dark chocolate   

 Compound a   Sensorial attribute  Reference 

  Aldehydes  
 2-Methylpropanal  Chocolate   [  12,   16  ]  
 2-Methylbutanal  Chocolate   [  12,   16  ]  
 3-Methylbutanal  Chocolate   [  12,   16  ]  
 2-Phenyl-2-butenal  Cocoa, roasted   [  12,   16  ]  
 4-Methyl-2-phenyl-2-pentenal  Cocoa   [  8  ]  
 5-Methyl-2-phenyl-2-hexenal  Cocoa   [  8  ]  

  Pyrazines  
 2-Methylpyrazine  Nutty, cocoa   [  8  ]  
 2-Ethyl-5-methylpyrazine  Cocoa, roasted   [  16  ]  
 2,3-Dimethylpyrazine  Caramel, cocoa   [  8  ]  
 2,3-Dimethyl-5-ethylpyrazine  Cocoa, chocolate   [  16  ]  
 2,5-Dimethylpyrazine  Cocoa, roasted nuts   [  8  ]  
 3,5-Dimethyl-2-ethylpyrazine  Cocoa, chocolate   [  16  ]  
 2,3,5-Trimethylpyrazine  Cocoa, nutty   [  8,   12,   16  ]  
 2,3,5,6-Tetramethylpyrazine  Cocoa, coffee   [  8  ]  
 3,5-Diethyl-2-methylpyrazine  Cocoa, chocolate   [  16  ]  

  Furans  
 3-Phenylfuran  Cocoa, green, mint   [  12,   16  ]  

  Pyrroles  
 1-(2-Furanylmethyl)-1  H -pyrrole  Roasted, chocolate, green   [  12,   16  ]  
 2,3-Dimethyl-1  H -pyrrole  Cocoa, chocolate   [  16  ]  
 3-Ethyl-2,5-dimethyl-1  H -pyrrole  Cocoa, hazelnut, coffee   [  12,   16  ]  

   a After vacuum distillation and liquid–liquid extraction, the volatile fractions of cocoa powder  [  8  ]  or 
dark chocolates  [  12,   16  ]  were analyzed by gas chromatography–olfactometry and gas chromatogra-
phy–mass spectrometry. Only those compounds are listed which revealed chocolate- or cocoa-related 
sensorial attributes  
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dark chocolate and cocoa mass were characterized by cocoa/nutty/roasted/coffee notes like several 
pyrazines and some pyrrole derivatives (see Table  7.1 ). However, other authors have reported different 
aroma notes for these components  [  17,   18  ] . Some additional compounds with cocoa-like aroma char-
acters have been found, whose chemical nature is still unknown  [  12  ] . All these cocoa- and chocolate-
speci fi c aroma compounds are largely missing in the volatile fractions of milk chocolates  [  6,   11  ] . In 
roasted  fi ne cocoa (Criollo), which usually has a rather low cocoa-typical aroma but instead contains 
some special aroma notes  [  5,   6  ] , at least some of the cocoa- and chocolate-related aroma components 
of dark chocolate have been detected: 2-methylbutanal, 3-methylbutanal, 3,5 dimethyl-2-ethylpyrazine, 
and 2,3,5-trimethylpyrazine  [  17  ] .  

 The characteristic cocoa and chocolate aroma notes are generated during the roasting process by 
Maillard or nonenzymatic browning reactions, which involve the reactions of free amino groups of 
amino acids and/or peptides with reducing sugars  [  6,   10,   11,   19  ] . Such reactions also occur during 
roasting of meat and other foods  [  20  ] . Some of the pyrazine derivatives occurring in dark chocolates 
with cocoa-related sensory attributes (see Table  7.1 ) are also formed in roasted beef  [  9  ] , posing the 
question as to which these particular compounds are really characteristic for chocolate and cocoa 
aroma.  

   Fermentation of Cocoa Beans Is Required for the Formation 
of Cocoa-Speci fi c Aroma Precursors 

 The typical cocoa aroma is formed during roasting of fermented but not of unfermented cocoa beans 
 [  4,   21  ] . Therefore, essential aroma precursors are generated during the fermentation process (Fig.  7.1 ). 
During fermentation, sugars in the pulp are transformed to acetic and lactic acid by environmental 
microorganisms, causing acidi fi cation of the cocoa beans  [  22  ] . This acidi fi cation, but not the presence 
of microorganisms, is required for the formation of the cocoa-speci fi c  fl avor precursors as revealed 
by bean incubations under aseptic conditions  [  23  ] . Therefore, raw cocoa quality is strongly dependent 

  Fig. 7.1    Cocoa- and chocolate-speci fi c aroma precursors are generated during fermentation (Adapted from Botanica 
Acta, 108, J. Voigt, B. Biehl, Precursors of the cocoa-speci fi c aroma components are derived from the vicilin-class (7 S) 
globulin of the cocoa seeds by proteolytic processing, 283, Copyright 1995, with permission from Wiley-Blackwell)       
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on the degree and time course of acidi fi cation of the cotyledons during the fermentation process as 
well as on the duration of the fermentation process and the  fi nal pH  [  4,   6,   24  ] .  

 Fine cocoas (Arriba, Criollo, National, Trinitario) contain additional aroma notes ( fl oral, fruity, 
nutty, spicy, winy), which originate from the pulp and are strongly in fl uenced by the genotype and 
growth conditions  [  6  ] . In  fi ne cocoas, the level of basic cocoa- and chocolate-speci fi c aroma compo-
nents is usually low due to a rather short fermentation duration (2–4 days) as compared to bulk cocoa 
(5–7 days).  

   Essential Precursors of Cocoa-Speci fi c Aroma Notes Are Generated 
by Acid-Induced Proteolytic Processes in Cocoa Beans 

 The level of free amino acids is considerably higher in fermented than in unfermented cocoa beans 
 [  23,   25–  27  ] . Together with reducing sugars, amino acids are important precursors of Maillard reac-
tions, leading to various aroma components  [  6,   9–  11,   19  ] . Liberation of free amino acids was not only 
observed after fermentation of cocoa beans but also after fermentation-like incubations of cocoa beans 
under axenic, moderate acidic conditions  [  25,   26  ]  and after autolysis of acetone-dry powder prepared 
from unfermented cocoa beans  [  28  ] . Hydrophobic amino acids were predominantly accumulated 
under all these conditions, and essentially, no differences in the patterns of free amino acids liberated 
under these different conditions were observed (Fig.  7.2 ). These  fi ndings clearly show that the libera-
tion of predominantly hydrophobic amino acids during cocoa fermentation is due to an acid-induced 

  Fig. 7.2    Free amino acids accumulated in fermented cocoa beans and during in vitro proteolysis of beans proteins. 
FAA, free amino acids; acid FAA, Asp + Asn + Glu; hydrophobic FAA, Ala + Ile + Leu + Phe + Tyr + Val; other FAA, Ar
g + Gly + Lys + Met + Ser + Thr;  dark gray bars , amino acids released during autolysis at pH 3.5 of acetone-dry powder 
prepared from unfermented cocoa beans;  black bars , amino acids released during autolysis at pH 5.2 of acetone-dry 
powder prepared from unfermented cocoa beans;  light gray bars , amino acids released during incubation of puri fi ed 
cocoa vicilin (7)-class globulin with cocoa proteases at pH 5.2;  white bars , fermented cocoa beans (This  fi gure is based 
on results published in references  [  28  ]  and  [  50  ] )       
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proteolysis of bean proteins by endogenous proteases. During fermentation, these proteolytic 
processes start after 1–3 days, when the beans are killed by testa opening at the micropyle caused by 
acidi fi cation of the pulp and increased temperature. This aperture of the testa enables the penetration 
of the nib by acetic and lactic acid  [  5  ] . In the case of bulk cocoa, when a strong cocoa-speci fi c roasting 
aroma is desired, fermentation is usually stopped after 5–7 days  [  6,   24  ] . In the case of  fi ne cocoas, 
however, fermentation is stopped earlier to avoid masking of the particular aroma notes by the typical 
cocoa-speci fi c roasting aroma  [  5  ] .  

 Questions arose about whether the generation of the chocolate- and cocoa-speci fi c aroma compo-
nents during roasting of the fermented cocoa beans is merely dependent on the particular pattern of 
free amino acids released during the fermentation process (see Fig   .  7.2 ) or whether speci fi c peptides 
are also required, as suggested by Mohr and coworkers  [  29  ] . A suitable experimental approach to 
verify this question was the in vitro formation and subsequent organoleptic analysis of the aroma 
notes  [  28  ] . It has been shown that cocoa-speci fi c aroma precursors are generated in vitro when poly-
phenol-free acetone-dry powder prepared from unfermented cocoa beans was subjected to autolysis 
at pH 5.2, i.e. under conditions of optimal fermentation (Table  7.2 ). The proteolysis products obtained 
under these conditions consisted of hydrophilic peptides and hydrophobic free amino acids  [  28  ] . 
When the same material was incubated at pH 3.5, no cocoa-speci fi c aroma precursors were formed 
(see Table  7.2 ). Under the latter conditions, rather low amounts of liberated free amino acids were 
observed, and hydrophobic instead of hydrophilic peptides were detected in the autolysis products 
generated by the action of endoprotease activities  [  28  ] . These hydrophobic peptides could be trans-
formed to hydrophilic peptides by treatment with commercial carboxypeptidase A at pH 5.2 accom-
panied by liberation of hydrophobic free amino acids  [  28  ] . This mixture of hydrophilic peptides and 
hydrophobic free amino acids revealed typical cocoa aroma when roasted in the presence of reducing 
sugars and deodorized cocoa butter (see Table  7.2 ). No typical cocoa or chocolate aroma was obtained, 
however, when synthetic amino acid mixtures adapted to the spectrum of free amino acids present in 
fermented cocoa seeds (see Fig.  7.2 ) were roasted in the presence of reducing sugars (see Table  7.2 ). 
The latter  fi ndings are in agreement with earlier observations of Mohr and coworkers  [  29  ]  that, in 
addition to free amino acids, an oligopeptide fraction isolated from fermented and air-dried cocoa 
beans is absolutely required to obtain cocoa and chocolate aroma upon roasting.   

   Table 7.2    Aroma notes detected upon in vitro roasting of cocoa proteolysis products in the presence of reducing sugars a, b    

 Sample  Aroma notes c  

 Precursor extract from fermented beans d   Cocoa, chocolate 
 Acdp e  autolysis products (pH 5.2)  Cocoa, chocolate 
 Acdp e  autolysis products (pH 3.5)  Acid, herbaceous, vegetable 
 Acdp e  autolysis products (pH 3.5) plus mixture of free amino acid  Herbaceous,  fl oral, acid 
 Mixture of free amino acids f   Cereal,  fl oral 
 Acdp e  autolysis products (pH 3.5) posttreated with carboxypeptidase A  Cocoa, chocolate 

   a  Data obtained from reference  [  28  ]  
  b  Mixture of 0.13 g of glucose and 0.37 g of fructose dissolved/suspended in 0.15 ml distilled water was added to 
0.25 g of precursor sample and ground in a mortar and pestle with 2.5 g of deodorized cocoa butter and 1.0 g silicate. 
The mixture was transferred to a glass Petri dish and heated for 10 min at 130°C 
  c  Aroma notes were determined by snif fi ng of the roasted samples preheated to 37–40°C 
  d  Aroma precursors were extracted with 70% (v/v) aqueous methanol. After evaporation of the solvent, the residue was 
suspended in water and freeze-dried 
  e  AcDP, acetone-dry powder of cocoa seeds prepared by thorough extraction with aqueous acetone of the defatted seed 
powder 
  f  Mixture of free amino acids adjusted to the composition of the free amino acids of fermented cocoa beans (see 
Fig.  7.2 )  
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   Proteases of Cocoa Beans 

 Aspartic endoprotease, carboxypeptidase, and aminopeptidase activities have been found in 
ungerminated cocoa beans  [  28,   30  ] . For the aspartic endoprotease (EC 3.4.23) partially puri fi ed from 
cocoa beans, activity optima were measured at 55°C and pH 3.5  [  30  ] . Two cocoa cDNA species, 
TcAP1 and TcAP2, respectively, encoding different polypeptides of the plant aspartic endoprotease 
family, have been cloned and sequenced  [  31  ] . Both genes are induced early in seed development and 
show decreased expression as the beans reach maturity  [  31  ] . These data are in agreement with the 
results of protein blot analyses, indicating an accumulation of aspartic endoprotease protein during 
seed development up to an optimum level reached after ripening  [  32  ] . Cocoa beans have unusually 
high levels of such aspartic endoprotease activity as compared to seeds of other plants  [  33  ] . Guilloteau 
et al.  [  34  ]  assume that physical and biochemical properties of the active cocoa TcAP2 aspartic 
endoprotease complex are novel, suggesting the highly expressed gene product may represent a previ-
ously unknown activity. A puri fi ed TcAP2 gene product ef fi ciently degrades cocoa seed vicilin into 
low molecular products including di- and tripeptides, implying that this gene product may play an 
important role during fermentation. 

 Aspartic endoproteases like pepsin and renin cleave protein substrates preferentially at hydrophobic 
amino acid residues. This holds true also for the aspartic endoprotease of ungerminated cocoa beans, 
although its exact cleavage speci fi city has not yet been characterized. However, it has been reported 
that this particular protease generates peptides with hydrophobic amino acid residues at their 
C-terminal ends, which can be cleaved off by commercial carboxypeptidase A  [  28  ] . 

 As described above, cocoa-speci fi c aroma precursors can be generated in vitro from acetone-dry 
powder prepared from unfermented cocoa beans by either autolysis at pH 5.2 or by posttreatment with 
commercial carboxypeptidase A of the mixture of hydrophobic peptides formed at pH 3.5 (see 
Table  7.2 ). Under both conditions, essentially, the same mixture of free amino acids was obtained 
 [  28  ] . These  fi ndings show that the cocoa-speci fi c aroma precursors are generated by cooperation of 
the aspartic endoprotease and the carboxypeptidase of the cocoa beans  [  28,   35,   36  ] . 

 The carboxypeptidase present in ungerminated cocoa beans preferentially liberates hydrophobic 
amino acids, whereas acid amino acids are released very slowly  [  37  ] . Peptides with carboxyterminal 
arginine, lysine, or proline residues are resistant to degradation by this carboxypeptidase  [  37  ] . The 
rate of hydrolysis is not only dependent on the carboxyterminal but also affected by the neighboring 
amino acid residue as also reported for the carboxypeptidases from other organisms  [  38–  40  ] . The 
carboxypeptidase of the cocoa beans has a pH optimum between pH 4.8 and 5.8, depending on the 
substrate  [  28,   30,   37  ] .  

   Proteolytic Precursors of Chocolate- and Cocoa-Speci fi c Aroma Components 
Originate from the Globular Storage Protein of Cocoa Beans 

 Cocoa beans contain two predominant storage proteins: a 21-kDa albumin with homology to the Kunitz 
trypsin inhibitors  [  41–  45  ]  and a vicilin (7S)-class globulin  [  43,   46–  48  ] . It has been shown that under 
optimal fermentation conditions, some predominant polypeptides of the cocoa beans are selectively 
degraded  [  49  ] . These selectively degraded polypeptides have been later identi fi ed as the polypeptide 
subunits of the vicilin (7S)-class globulin of the cocoa beans  [  43,   50  ] . Typical cocoa and chocolate 
aroma was obtained when the vicilin (7S)-class globulin was successively degraded by the cocoa 
aspartic endoprotease and carboxypeptidase activities and the resulting proteolysis products subse-
quently roasted in the presence of reducing sugars and deodorized cocoa butter (Table  7.3 ; see Voigt, 
Heinrichs, Voigt, et al.  [  50  ] ). No cocoa-speci fi c aroma precursors were obtained when the 21-kDa 
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albumin was degraded by the same proteolytic enzymes. When the cocoa vicilin(7S)-class globulin 
was merely incubated with the aspartic endoprotease puri fi ed from ungerminated cocoa beans, a mix-
ture of more or less hydrophobic peptides was obtained (Fig.  7.3 ; see Heinzler and Eichner  [  58  ] ). 
These particular hydrophobic peptides did not reveal cocoa- or chocolate-speci fi c aroma upon roasting 
in the presence of reducing sugars even in the presence of a mixture of free amino acids adapted to the 
pattern of free amino acids detected in well-fermented cocoa beans  [  50  ] . These hydrophobic peptides 
were transformed to hydrophilic peptides and hydrophobic free amino acids rather similar to the 

   Table 7.3    Proteolytic formation of the essential precursors of the cocoa- and chocolate-speci fi c aroma notes depends 
on the structure of the globular storage protein of the cocoa beans a, b    

 Sample  Aroma notes c  

 Precursor extract from fermented beans d   Cocoa, chocolate 
 In vitro proteolysis products of cocoa albumin with proteases from cocoa beans (pH 5.2)  Cereal, herbaceous 
 In vitro proteolysis products of cocoa globulin with proteases from cocoa beans (pH 5.2)  Cocoa, chocolate 
 In vitro proteolysis products of coconut globulin with proteases from cocoa beans (pH 5.2)  Herbaceous, cereal 
 In vitro proteolysis products of hazelnut globulin with proteases from cocoa beans (pH 5.2)  Cereal, nutty 
 In vitro proteolysis products of sun fl ower seed globulin with proteases from cocoa beans (pH 5.2)  Cereal, herbaceous 

   a  Data obtained from reference  [  51  ]  
  b  Proteolysis products were formulated with reducing sugars and deodorized cocoa butter and roasted as described in the 
legend of Table  7.2  
  c  Aroma notes were determined by snif fi ng of the roasted samples preheated to 37–40°C 
  d  Aroma precursors were extracted with 70% (v/v) aqueous methanol. After evaporation of the solvent, the residue was 
suspended in water and freeze-dried  

  Fig. 7.3    Proteolytic 
formation of the cocoa- and 
chocolate-speci fi c aroma 
precursors (Adapted from 
Botanica Acta, 108, J. Voigt, 
B. Biehl, Precursors 
of the cocoa speci fi c aroma 
components are derived from 
the vicilin-class (7 S) 
globulin of the cocoa seeds 
by proteolytic processing, 
283, Copyright 1995, 
with permission from 
Wiley-Blackwell)       
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pattern of proteolysis products found in fermented cocoa beans  [  28,   50  ] . These data indicate that the 
cocoa-speci fi c aroma precursors are derived from the vicilin (7S)-class globulin by the cooperative 
action of the aspartic endoprotease and the carboxypeptidase present in ungerminated, ripe cocoa 
beans (see Fig.  7.3 ). In the  fi rst step, the vicilin (7S)-class globulin is degraded by the aspartic endo-
protease, which generates a complex mixture of more or less hydrophobic oligopeptides, as judged by 
reversed-phase HPLC. By the action of the carboxypeptidase, these hydrophobic oligopeptides are 
transformed to a mixture of hydrophilic peptides and hydrophobic free amino acids containing the 
essential precursors of the typical components of the cocoa and chocolate  fl avor (see Fig.  7.3 ). 
Therefore, the hydrophobic properties of the oligopeptides generated by the aspartic endoprotease are 
largely due to the hydrophobic amino acid residues at their carboxyterminal ends.   

 When the globulins isolated from cocoa beans, coconuts, hazelnuts, and sun fl ower seeds were 
successively degraded with the aspartic endoprotease and the carboxypeptidase partially puri fi ed 
from ripe, ungerminated cocoa beans and the obtained proteolysis products subsequently roasted in 
the presence of reducing sugars and deodorized cocoa butter, the typical cocoa- and chocolate-speci fi c 
aroma was obtained exclusively in the case of the cocoa globulin (see Table  7.3 ; see Voigt, Wrann, 
Heinrichs, et al.  [  51  ] ). The globular fraction of coconuts only contain a vicilin (7S)-class globulin as 
the cocoa beans  [  51  ] , and those from hazelnuts and sun fl ower seeds largely consist of legumin 
(11S)-class globulin  [  51,   52  ] . The amino acid sequences of legumin (11S)-class and vicilin (7S)-class 
globulins are rather different  [  53  ] . Comparative analyses of the free amino acids released from all 
these globular storage proteins by the action of aspartic endoprotease and carboxypeptidase from 
cocoa beans revealed a preferential liberation of the hydrophobic amino acids Ala, Leu, Phe, Tyr, and 
Val in all the samples  [  51  ] . However, the relative proportions of these amino acids were rather different 
depending on the protein substrate. Furthermore, different peptide patterns were obtained by succes-
sive treatment with aspartic endoprotease and carboxypeptidase of the globulins from cocoa beans, 
coconuts, hazelnuts, and sun fl ower seeds, respectively, as revealed by comparative reversed-phase 
HPLC analyses  [  51  ] . Therefore, it has to be concluded that the proteolytic formation of essential 
cocoa-speci fi c aroma precursors depends on particular amino acid sequences of the vicilin (7S)-class 
globulin of the cocoa beans lacking in the globular storage proteins of coconuts, hazelnuts, and 
sun fl ower seeds  [  51  ] .  

   Structure of the Vicilin (7S)-Class Globulin of Cocoa Beans 

 The cocoa vicilin (7S)-class globulin consists of overlapping polypeptides with apparent molecular 
masses of 47 kDa, 31 kDa, and 14.5 kDa  [  28,   46,   47  ] . These polypeptide subunits are generated by 
differential proteolytic processing of a common 66-kDa precursor, whose amino acid sequence was 
derived from the nucleotide sequences of the corresponding cDNA  [  47  ]  and gene  [  48  ] . Localization 
of the cocoa vicilin subunits on their common precursor by N-terminal sequencing was, however, 
impossible because all these subunits were found to be resistant against Edman degradation, presum-
ably due to N-terminal protection. MALDI-ReTOF-MS analyses of the tryptic fragments of the 
puri fi ed 47-kDa subunit revealed that this particular subunit was derived from the C-terminal domain 
of the 66-kDa precursor  [  54  ] . By the same approach, the other constituents of the mature cocoa vicilin-
class globulin were localized in the same precursor region. The results were further corroborated 
by epitope mapping of polyclonal antibodies raised against the particular polypeptide subunits using 
185 overlapping pentadecapeptides covering the whole sequence of the precursor  [  54  ] . 

 Two-dimensional gel electrophoresis of cocoa seed proteins revealed heterogeneities in the 
patterns of the vicilin (7S)-class globulin subunits  [  54,   55  ] . The same patterns of globular storage 
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proteins were found in cocoa cotyledons from various genetic origins both after SDS-PAGE and 
2D-electrophoresis, respectively  [  55  ] . By IEF, the 47-kDa subunit was split into six spots with iso-
electric points (IEPs) between 5.2 and 6.4  [  54  ] . The 31-kDa and 28-kDa components were split into 
several spots with IEPs between 6.1 and 7.3. These heterogeneities could be either due to speci fi c 
posttranslational modi fi cations of particular amino acid residues or to the existence of a gene family 
generated by gene duplications followed by mutations of the individual members of this hypothetic 
gene family. In both cases, the formation of additional tryptic peptide fragments is expected, whose 
amino acid sequence differs from the sequence of the 66-kDa precursor. The lack of such additional 
fragments in the MALDI-ReTOF spectra clearly showed that despite the heterogeneities with respect 
to their isoelectric points, all the components of the vicilin (7S)-class globulin of the cocoa beans are 
encoded by a single gene and that there is no speci fi c posttranslational modi fi cation of speci fi c amino 
acid residues  [  54  ] . Calculation of the theoretical isoelectric points of the 47-kDa and 31-kDa subunits 
revealed values that roughly corresponded to those experimentally determined by two-dimensional 
electrophoresis for the corresponding subspecies with highest pI values  [  54  ] . The occurrence of sub-
species with lower pI values could be explained by statistical transformation of Asn or Gln to Asp or 
Glu residues, respectively, due to the action of a protein deaminase during maturation. Such an enzyme 
was found in germinating wheat grains  [  56  ] .  

   Particular Cleavage Speci fi city of the Cocoa Aspartic Endoprotease 
Is Essential for Generation of Cocoa-Speci fi c Aroma Precursors 

 Apart from the particular amino acid sequence of the vicilin (7S)-class globulin of the cocoa beans, 
the formation of the cocoa- and chocolate-speci fi c aroma precursors is also strongly dependent on the 
substrate and cleavage speci fi cities of the aspartic endoprotease of the ripe, ungerminated cocoa 
beans, which is not suf fi ciently studied to date. Presently, it is only known that this particular enzyme 
cleaves protein substrates at hydrophobic amino acid residues to produce oligopeptides with hydro-
phobic amino acid residues at their carboxyterminal ends  [  28  ] . Similar substrate and cleavage 
speci fi cities have been reported for chymotrypsin and pepsin. The cocoa bean globulin was ef fi ciently 
degraded not only by the aspartic endoprotease from ripe, ungerminated cocoa beans but also by chy-
motrypsin and pepsin. As revealed by reversed-phase HPLC analysis, similarities were observed for 
the oligopeptide patterns generated by pepsin and cocoa aspartic endoproteinase, whereas the pattern 
of chymotryptic peptides was completely different  [  57  ] . After posttreatment with carboxypeptidase, 
pepsin revealed similar patterns of free amino acids and oligopeptides as the cocoa aspartic endopro-
tease. Indeed, after roasting in the presence of reducing sugars, a weak cocoa and chocolate  fl avor was 
observed in the case of the proteolysis products of cocoa vicilin (7S)-class globulin generated by 
pepsin and carboxypeptidase, but not for the proteolysis products obtained by successive treatments 
with chymotrypsin and carboxypeptidase  [  57  ] . These  fi ndings indicate that the particular speci fi city 
of the cocoa aspartic endoprotease is important for the formation of the cocoa-speci fi c aroma precursors 
 [  57  ] , in addition to the amino acid sequence of the protein substrate.  

   Summary 

 Chocolate- and cocoa-speci fi c aroma is obtained by roasting of fermented, but not of unfermented, 
cocoa beans (see Fig.  7.1 ). Therefore, essential precursors are generated during fermentation, which 
are transformed to the chocolate- and cocoa-speci fi c aroma components during the roasting process 
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by complex Maillard or nonenzymatic browning reactions. These are initiated by reactions of free 
amino groups of amino acids or peptides with the carbonyl groups of reducing sugars  [  9,   10,   58–  60  ] . 
Indeed, accumulation of free amino acids has been observed both during fermentation and fermentation-
like incubations of cocoa beans under moderate acidic conditions  [  23,   25–  27  ] . During the fermenta-
tion process, the cocoa pulp is degraded by various microorganisms accompanied by the accumulation 
of acetic and lactic acid  [  22,   24  ] . This acidi fi cation causes the death of the beans as well as acid-
induced proteolysis of bean proteins  [  23,   25–  27  ] . It is well known that fermentations accompanied by 
a strong acidi fi cation of the cotyledons (pH < 5.0) result in poor aroma potential of the resulting raw 
cocoa (see Fig.  7.1 ). This fact is obviously due to the pH dependency of the carboxypeptidase, whose 
activity is optimal around pH 5.5 and strongly decreases at pH values below 5.0  [  28,   30,   37  ] . At pH values 
greater than 5.5, the aspartic endoprotease is inactive  [  28,   30  ] . These  fi ndings provide an explanation 
for the dependency of the aroma formation on the degree of acidi fi cation of the cocoa beans during 
the fermentation process (see Fig.  7.1 ). 

 The speci fi c mixture of free amino acids and peptides present in well-fermented cocoa beans and 
required for the formation of the cocoa-typical aroma notes during roasting depends on both the par-
ticular cleavage speci fi city of the aspartic endoprotease and the amino acid sequence of the vicilin 
(7S)-class globular storage protein of the cocoa beans (see Fig.  7.3 )  [  50,   51,   57  ] . The aspartic endo-
protease of the cocoa beans cleaves its protein substrate preferentially at hydrophobic amino acid 
residues  [  50,   51  ] . However, its exact cleavage speci fi city is still unknown and has to be analyzed in 
the future. The pattern of free amino acids liberated from cocoa vicilin (7S)-class globulin by the 
cooperation of the aspartic endoprotease and the carboxypeptidase is characteristic for well-fermented 
cocoa beans (see Fig.  7.2 ). However, this particular mixture of free amino acids is not suf fi cient for 
the formation of the typical cocoa-speci fi c aroma during roasting in the presence of reducing sugars 
(see Table  7.2 ). Both free amino acids and hydrophilic peptides proteolytically derived from the cocoa 
vicilin (7S)-class globulin are essential for the formation of the cocoa-speci fi c aroma components 
during the roasting process (see Table  7.2  and Fig.  7.3 ). These peptides exclusively occur in the pro-
teolysis products of the cocoa vicilin (7S)-class globulin (see Table  7.3 ). Their amino acid sequences 
are predetermined by both the amino acid sequence of the cocoa vicilin (7S)-class globulin  [  54,   61  ]  
and the particular cleavage speci fi city of the cocoa aspartic endoprotease. However, their number and 
particular amino acid sequences are still unknown and have to be analyzed in the future. 

 Another important aspect is the ensuring of raw cocoa quality in the future. In recent years, raw 
cocoa production has been threatened by diverse cocoa diseases caused by different fungal pathogens 
and by certain mirids (Heteroptera; Miridae), particularly by the cocoa pod borer,  Conopomorpha 
cramerella , in Asia  [  62  ] . Most of these biotic constraints are presently restricted to certain geographic 
areas. All together, they reduce yields by about 20%  [  62  ]  but could cause far greater losses if certain 
highly damaging pathogens were to become more widely distributed. This risk is increased by mon-
ocultures of pathogen-susceptible clones. Therefore, national and international breeding programs are 
presently underway to improve resistance of cocoa trees to various biotic constraints. In the past, 
traditional cocoa breeding was not very ef fi cient owing to the long generation time of the trees. 
However, application of modern molecular genetic techniques like marker-assisted selection to cocoa 
breeding are expected to greatly improve the rate of the genetic gain and result in the selection of 
numerous new, productive, disease-resistant cultivars  [  63,   64  ] . Such breeding programs could result 
in cocoa clones with successively decreasing aroma potential when selection is restricted to pathogen 
resistance and yield. This undesirable effect is well known from breeding of other crops. Genotype 
in fl uences both aroma quality and intensity  [  13,   14,   65,   66  ]  likely by determining the quantities of 
precursors and the activities of enzymes involved in the formation of aroma components and aroma 
precursors, respectively. Reineccius  [  15  ]  concluded that the known varietal differences are primarily 
due to quantitative rather than to qualitative differences in the aroma precursor and polyphenol 
contents. A comparative study of cocoa beans of various clones revealed relevant differences both 
in the contents of the vicilin (7S)-class globulin and the aroma potential  [  67  ] . Furthermore, a strict 
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correlation of cocoa aroma with the amount of vicilin (7S)-class globulin in the beans was observed 
 [  67  ] . These  fi ndings show that comparative analysis of the new, pathogen-resistant clones for the 
levels of both this particular globular storage protein and the proteolytic enzymes involved in aroma 
precursor formation is requested for ensuring the aroma potential of raw cocoas. 

 Apart from the basic cocoa- and chocolate-speci fi c aroma notes, cocoa and chocolate quality is 
also in fl uenced by other aroma compounds, part of which (like linalool) are generated in the pulp and 
enter the nib during cocoa fermentation after opening of the testa caused by acidi fi cation and swelling 
of the beans  [  5,   68  ] . Both the patterns and amounts of the latter aroma components are also dependent 
on the genetic background and can be strongly changed in new clones selected for pathogen resistance 
and yield. Linalool content in both the pulp and in the fermented beans is a suitable marker for some 
 fl avor grade cocoas  [  69  ] .      
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    Chapter 8   
 Composition of Cacao Beans       

        Antonella   Bertazzo ,              Stefano   Comai ,              Francesca   Mangiarini ,           and    Su   Chen                 

 Key Points 

    The physics and chemistry of cocoa beans are very complex and change throughout the life of the • 
bean, mainly depending on the processing it receives and on geographical origin.  
  The main component of cocoa beans is lipid fraction, approximately 50%, mainly constituted by • 
neutral lipids, with a predominant fraction of triglyceride molecules.  
  Protein fraction constitutes 10–15% of the dry weight of cocoa seeds, and it is composed of 52% • 
and 43% of albumin and globulin fractions, respectively. Other proteins, such as glutelins and 
prolamins, are present in lower concentrations.  
  Cocoa beans contain stimulant substances, such as theobromine, caffeine, and theophylline, named • 
purinic alkaloids, which affect the central nervous system.  
  Various bioactive compounds with vasoactive effects have also been reported in cocoa beans.    • 
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    Introduction 

 Cacao beans are derived from the tropical tree  Theobroma cacao L  (Sterculiaceae family). 
 It originated in Central and South America, and it is cultivated extensively for its seeds, which are 

the source of cocoa, chocolate, and cocoa butter. 
 The cacao tree is a wide-branched evergreen and currently grows within 20°C latitude of the equa-

tor. Being a tropical species, it lives in regions characterized by warm temperature (18/21–30/32°C), 
high humidity (70–100%), and at elevations up to 600 m. Trees are planted under the shade of taller 
trees because of their sensitivity to sun and wind. The standard height of the cocoa tree is kept at 
2–5 m on plantations, and it bears seedpods, named cabosse, up to 30 cm long and 10 cm wide. The 
fruit is harvested twice a year, before and after the rainy seasons. Cocoa pods have different shapes 
and sizes. Pods contain 20–50 almond-sized seeds that are about 2 cm long and 1 cm wide and are 
surrounded by mucilaginous pulp. The cocoa bean weighs around 1 g after drying and is composed of 
an inner nib portion covered by an outer shell (Fig.  8.1 )  [  1  ] .  

 Three important varieties of cocoa exist: Criollo, Forastero, and Trinitario. Criollo trees provide 
highly aromatic cocoa beans but are more sensitive to climatic changes. For this reason, the Criollo 
can be attacked by diseases and pests and are lower in yield, compared with Forastero trees. 
Approximately 95% of the world’s cocoa product is made of the Forastero, owing to its disease resis-
tance and high productivity. However, its organoleptic qualities are not as highly regarded as the 
Criollo variety. Trinitario is a crossbreed among Criollo and Forastero, and it displays characteristics 
of both varieties. 

 At harvest, the fully ripe pods are opened and the seeds with surrounding pulp are removed. The 
seeds are usually subjected to fermentation for 2–8 days, leading to a moisture content of about 6–8% 
after drying. After this step, they are called cocoa beans, which can be exported as raw materials for 
the production of cocoa derivatives. Further processing is usually performed by consuming countries 
(i.e., roasting at 120–130°C but not exceeding 150°C, for 10–35 min). Roasting parameters depend on 
variety, moisture content, ripening, and measure of cacao beans. In this phase, the humidity is lowered 
down to 2% or 3%. It results in further oxidation of phenolic compounds and the removal of acetic 
acid, volatile esters, and other undesirable aroma components. During drying and roasting, peptides 
and free amino acids, together with reducing sugars also present in fermented cocoa beans, undergo a 
Maillard reaction, which is responsible for the typical cocoa aroma. This complex and multistep pro-
cess, referred to as nonenzymatic browning reaction  [  2  ] , is subdivided into three main phases. The 
 fi rst one, called the initial phase, is partly reversible and produces compounds that later react, giving 
rise to additional products; in the second phase, a variety of highly reactive carbonyl compounds, 
which are responsible for color formation and  fl avor development, are formed; and in the  fi nal phase, 
the production of a heterogenous group of substances (e.g., melanoidins) occurs that determines the 
deep-brown color.  

   Chemical Compositions of Cocoa Beans 

 The physics and chemistry of cocoa beans are very complex and change throughout the life of the 
bean, mainly depending on the processing it receives. The chemical composition of cocoa beans also 
differs according to varieties, as indicated in Table  8.1 .   



1078 Composition of Cacao Beans

  Fig. 8.1    Cocoa pods and beans       
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   Protein and Amino Acids 

 Proteins represent about 60% of the total nitrogen content of fermented beans and constitute 10–15% 
of the dry weight of cocoa seeds, which are the second most abundant constituent after the cocoa fat. 

 The nonprotein nitrogen of fermented beans is found in the form of amino acids; about 0.3% pres-
ents in amide form and 0.02% as ammonia, which is formed during fermentation of the beans and 
methylxanthines such as theobromine and caffeine. 

 In the fresh cacao beans, a lot of enzymes can be detected, but most of them are inactivated as a 
result of the production process. They include (beta) b -glucosidase, (beta) b -fructosidase, (alpha) a -
amylase, (beta) b -gactosidase, proteinase, alkaline and acid phosphatases, lipase, polyphenol oxidase, 
pectinesterase, catalase, and peroxidase. 

 Cocoa cotyledon proteins can be fractioned into albumin (water soluble), globulins (salt soluble), 
glutelins (soluble in dilute acids and alkali), and prolamins (alcohol soluble)  [  3  ] . 

 Voigt et al.  [  4  ]  suggested that the total seed protein content is composed of 52% and 43% of albu-
min and globulin fractions, respectively. The former is described as a 21-kDa storage protein with 
trypsin inhibitory properties  [  5  ] , whereas the latter is referred as a vicilin-like globular storage pro-
tein, consisting of three subunits with molecular weights around 47, 31, and 15 kDa  [  4,   6  ] , which are 
derived from a common precursor with 66 kDa. 

 Glutelins and prolamins are present in a lower concentration; the former representing 5% and the 
latter being about 1%. Fermentation process affects the alteration of protein concentrations (as 
reported in Table  8.2 ), leading to the increase of albumin and glutelin from 52% to 79% and the 
decrease of globulins level from 43% to 8.3%.  

 Cocoa albumin, amino acid content, and their nutritional values are all highly affected by the extent 
of roasting  [  7  ] . Globulins also undergo extensive degradation already during fermentation  [  8  ] , leading 
to the production of hydrophobic amino acids and peptides, considered cocoa-speci fi c  fl avor precur-
sors  [  9  ] . The increase of hydrophobic free amino acids concentrations, such as leucine, alanine, phe-
nylalanine, and tyrosine, is explained by the activity of two cocoa proteases: the aspartic endoprotease, 
which attacks the proteins preferentially at sites of hydrophobic amino acids, and the carboxypepti-
dase, which releases single hydrophobic amino acids  [  9,   10  ] . 

 The content and distribution of free amino acids in fermented cocoa beans from different origins 
vary greatly (5–25 mg/g fat-free dry matter), and in some cases, geographical region-speci fi c differ-
ences were apparent (Table  8.3 )  [  11,   12  ] .  

 Thus, fermentation, roasting, and drying, as well as type of soil, climate, and harvest conditions, 
greatly affect cocoa characteristics. In particular, fermentation involves microbiological and enzymatic 

   Table 8.1    Composition (%) of cacao beans of various geographical origin a    

 Constituent  Trinidad  Giava  Arriba  Caracas 

 Moisture  6.34  5.12  5.90  6.63 
 Lipids  43.66  45.50  43.31  36.81 
 Cellulose  13.01  13.85  14.07  16.35 
 Pigments  8.31  8.90  9.00  12.72 
 Albumin  11.90  9.25  10.14  11.09 
 Starch  4.98  5.17  6.37  3.81 
 Glucose  1.38  1.23  0.42  2.76 
 Sucrose  0.32  0.51  1.58  1.56 
 Theobromine  0.85  1.16  0.86  1.13 
 Ash  3.60  3.31  8.73  4.36 

   a Adapted with permission from reference Arlorio  [  31  ]   
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reactions that lead to extensive breakdown of the cocoa proteins with an improvement of free amino 
acids concentration that, together with oligopeptides and reducing sugars, are considered cocoa aroma 
precursors  [  13  ] .  

   Lipid Content 

 The total fat content of the whole cocoa bean on a dry basis is approximate 50%. The composition of 
total lipid extract from the cocoa beans was 98% of neutral lipids and 2% of polar lipids  [  14  ] . Of the 
neutral lipids  [  15  ] , it is composed of predominantly over 75% of triglyceride molecular species with 
oleic acid esteri fi ed at the  sn -2 position  [  16  ] . Among the polar lipids  [  14  ] , phospholipids and glyco-
lipids contain approximately 30% and 70%, respectively. Both triglycerides and phospholipids are the 
major lipids in the cocoa bean and that will be discussed in this chapter. 

   Table 8.2    Proportions of the different solubility classes of seed proteins in 
unfermented and fermented cocoa seeds a    

 Seed protein fraction (%)  Unfermented seeds  Fermented seeds 

 Albumin  52 ± 3.3  79 ± 10.1 
 Globulin  43 ± 3.1  8.3 ± 3.7 
 Prolamin  <1  <1 
 Glutelin  5 ± 1.0  12.8 ± 3.7 

   a  Reprinted from reference Voigt et al.  [  4  ] , Copyright 1993, with permission 
from Elsevier  

   Table 8.3    Amino acid pro fi les (mg/g crude protein) of unfermented and fermented cocoa seeds a    

 Amino acid  Unfermented nibs  Fermented nibs  Mean  SD  CV% 

 Lys b   42.0 ± 0.02  52.6 ± 0.02  47.3  7.50  15.9 
 His b   20.0 ± 0.00  23.3 ± 0.02  21.7  2.33  10.7 
 Arg b   43.6 ± 0.01  51.4 ± 0.20  47.5  5.52  11.6 
 Asp  100 ± 0.10  82.5 ± 0.11  91.3  12.4  13.6 
 Thr b   29.9 ± 0.03  23.3 ± 0.10  26.6  4.67  17.6 
 Ser  23.7 ± 0.01  32.6 ± 0.03  28.2  6.29  22.3 
 Glu  128 ± 0.20  153 ± 0.40  141  17.7  12.6 
 Pro  12.5 ± 0.02  12.5 ± 0.03  12.5  0.00  – 
 Gly  20.5 ± 0.01  32.0 ± 0.02  26.3  8.13  30.9 
 Ala  29.8 ± 0.20  40.1 ± 0.03  35.0  7.28  20.8 
 Cys  7.8 ± 0.01  6.9 ± 0.02  7.35  0.64  8.71 
 Val b   32.1 ± 0.10  35.1 ± 0.02  33.6  2.12  6.31 
 Met b   9.9 ± 0.01  8.0 ± 0.00  8.95  1.34  15.0 
 Ile b   21.4 ± 0.02  29.3 ± 0.20  25.4  5.59  22.0 
 Leu b   72.2 ± 0.30  62.4 ± 0.20  67.3  6.93  10.3 
 Tyr  18.6 ± 0.02  27.0 ± 0.01  22.8  5.94  26.1 
 Phe b   28.6 ± 0.01  36.3 ± 0.02  32.5  5.44  16.7 
 Try b   – c   –  –  –  – 
 Crude protein (g/100 g)  13.6 ± 0.30  15.2 ± 0.21 

   a  Adapted from reference Adeyeye et al.  [  13  ] , Copyright 2010, with permission from Elsevier 
  b  Essential amino acids 
  c  Not determined  
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   Molecular Species of Triglycerides 

 Triglycerides have a glycerol backbone to which three fatty acids are esteri fi ed. Mono- or diglycerides 
are closely related to this structure but contain only one or two fatty acids. Triglycerides, diglycerides, 
and monoglycerides consist of a variety of molecular species. A molecular species of triglycerides 
contains three saturated and/or unsaturated fatty acids that are esteri fi ed at the  sn-I , the  sn-2 , and the 
 sn-3  positions of the glycerol backbone. Therefore, a molecular species of diglycerides is based on 
the two saturated/unsaturated fatty acids, which are esteri fi ed either at the  sn-1 /the  sn-3  positions 
(or the  sn-3 /the  sn-1 ) or the  sn-I /the  sn-2  (or the  sn-2 /the  sn-3 ). Monoglycerides contain only one satu-
rated or unsaturated fatty acid that is linked to either at the  sn-1  (or the  sn-3 ) or the  sn-2  position of 
the glycerol backbone. 

 The percentage of molecular species of the triglycerides extracted from cocoa beans from different 
geographical origins was analyzed by a reversed-phase HPLC method. The environmental tempera-
ture, climate, rainfall, and sunshine during the growth and ripening of cocoa fruit, genetics of the 
cocoa tree, and post-harvesting and processing conditions can affect the lipid composition of cocoa 
 [  17–  19  ] . Table  8.4  shows the molecular species percentage of triglycerides in cocoa beans from Ivory 
Coast, Nigeria, Brazil, Ecuador, Indonesia, Malaysia, and Guinea  [  15  ] . The major fatty acids in 
molecular species of the triglycerides are palmitic acid (16:0; P), stearic acid (18:0; S), oleic acid 
(18:1; O), and linoleic acid (18:2; L). There is no study, so far, regarding the presence of ether linkage 
triglyceride molecular species in cocoa beans (Table  8.4 ).   

   Structures and Percentages of Phospholipids 

 A phospholipid class, such as lecithin or phosphatidylcholine, also consists of a mixture of molecular 
species. Their structural diversity is due to (1) a variety of fatty acid chains esteri fi ed at the  sn-1  and 
the  sn-2  positions of the glycerol backbone; (2) locations of the double bond(s) (between 1 and 6) with 
unsaturated fatty acids, which are usually located at the  sn-2  position, with a number of carbon atoms 
(between 16 and 22); and (3) a polar head carried at the  sn-3  position, such as phosphocholine, phos-
phoethanolamine, phosphoinositol, phosphoserine, phosphatidic acid, phosphoglycerol, as well as 
related lysophospholipids. Figure  8.2  shows phospholipid classes extracted in cocoa beans from dif-
ferent places  [  14  ] .  

 So far, the molecular species of cocoa bean phospholipids have not been reported. Furthermore, 
there is no study regarding the presence of ether linkage molecular species of phospholipids in cocoa 
beans.   

   Table 8.4    Percentage of triglyceride molecular species from raw cocoa beans a    

 Geographical origin  LOO  PLO  PLP  OOO  SLO  POO  PLS  POP  POP  SLS  SOP  SOS  Other 

 Ivory Coast  0.73  0.94  2.33  0.61  0.58  2.47  3.23  15.5  3.71  1.54  37.7  27.2  4.20 
 Nigeria  0.34  0.58  1.92  0.45  0.39  2.56  3.03  16.1  3.2  1.41  39.7  27.5  2.82 
 Brazil (Bahia)  0.94  1.66  2.35  1.23  1.16  5.93  3.31  14.9  7.85  1.47  34.4  22.7  2.10 
 Brazil (Rd)  0.34  0.58  1.84  0.61  0.51  2.72  2.99  16.7  3.81  1.33  38.9  25.9  3.77 
 Brazil (Pará)  0.57  0.69  1.73  0.85  0.63  4.81  3.2  16.1  6.58  1.57  36.4  23.7  3.17 
 Ecuador (Guayaquil)  0.42  0.96  1.89  0.58  0.68  4.34  3.35  15.6  6.1  1.27  36.3  25.0  3.51 
 Indonesia  0.22  0.42  1.81  0.37  0.34  1.9  3.07  15.7  3.82  1.59  39.3  28.4  3.06 
 Malaysia  0.14  0.36  1.44  0.22  0.28  1.8  2.63  14.3  3.25  1.27  40.0  31.0  3.31 
 Guinea  0.30  0.91  2.08  0.52  0.81  3.89  3.48  15.3  5.82  1.73  37.3  25.4  2.46 

   P  palmitic acid,  S  stearic acid,  O  oleic acid,  L  linoleic acid 
  a Adapted from reference Hernandez et al.  [  15  ]   
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   Carbohydrates 

 In cocoa beans, mono-, oligo-, and polysaccharides are present. Starch is the major digestible 
 polysaccharide, ranging from 3% to 7%. Cellulose is about 12% in fermented/dried cocoa beans, and 
it is one of the predominant components of the cell wall polysaccharides, together with pectic poly-
saccharides that are made up of a heterogeneous mixture of rhamnogalacturonans with variable 
degrees of branching. Lesser amounts of hemicellulose, which consists of a mixture of a fucosylated 
xyloglucan, galactomannans, and glucuronoarabinoxylan, are also isolated from cocoa shells  [  20  ] . 
The soluble carbohydrates found in fermented cacao beans are glucose, sucrose, raf fi nose, fructose, 
stachyose, and verbascose, and they range from 0.39% to 3.48%  [  21  ] . Major sugars are fructose and 
sucrose  [  22  ] . The variable concentration of the two sugars is probably caused by different conditions 

aQuantitatively analyzed by TLC.

Phospholipid
Percentage (%)a

Accra Arriba Bahia

Phosphatidylcholine 36±0.4 40±1 36±1.3

Phosphatidylinositol 26±1 28±1.2 29±1.4

Phosphatidylethanolamine 14±0.3 11±0.7 19±1.3

Lysophosphatidylcholine 9±1.1 7±0.3 5±0.5

Phosphatidylserine 3±0.6 2.3±0.6 3.3±1

Phosphatidic acid 10±1 7.5±0.5 7±0.5
Unidentified 
phospholipids 2 4.2 0.7

  Fig. 8.2    Structures and percentage of phospholipids from raw cocoa beans. (Adapted from Parsons et al.  [  14  ] , with 
permission of John Wiley and Sons)       
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of the fermentation that markedly affect the amount of sucrose in cocoa beans. Sucrose hydrolysis, 
which occurs during fermentation of the beans, provides the reducing sugar pool important for aroma 
formation during roasting process. While fermentation is essential to the formation of  fl avor precur-
sors, the typical aroma of chocolate does not develop until the cocoa beans have been roasted. Indeed, 
a nearly complete destruction of reducing sugars occurs during the roasting process (Table  8.5 ) since 
they are involved in the formation of volatile compounds from nonenzymatic browning reactions. On 
the contrary, there are no decreases in the concentration of nonreducing sugars, sucrose, raf fi nose, 
stachyose, and verbascose, as they are unable to undergo Maillard reaction.   

   Polyphenols 

 The stringent phenolic compounds contained in the pigment cells of cocoa cotyledons are defensive 
protections that the plant uses to repel animals and microbes. However, these compounds are respon-
sible for the bitter and astringent taste of cocoa developed during the processing steps, such as fermen-
tation.    In the unfermented cocoa beans the amount of polyphenols is around 2 wt.%  [  23  ] , whereas 
fermented cocoa beans contain 6% of phenolic compounds. 

 Among the polyphenols, the main compounds are catechins (e.g., (−)-epicatechin, (+)-catechin, 
(+)-gallocatechin, and (−)-epigallocatechin), anthocyanins (e.g., cyanidin-3-(alpha) a -L-arabinoside 
and cyanidin-3- (beta) b -D-galactoside), and proanthocyanidins (e.g.,  fl avan-3,4-diols). In particular, 
the latter can form oligomers via condensation with the carbons C-4 and C-8 or C-4 and C-6 (Fig.  8.3 ). 
Moreover, some hydroxybenzoic and hydroxycinnamic acids are present in cocoa beans, and their 
concentration depends on the temperature reached during the roasting step. In the  fi nal product, choco-
late, the amount of polyphenols depends on the percentage of nonfat cocoa solids  [  24  ] . Indeed, 
polyphenols are present in high concentrations in dark chocolates, in which the content of cocoa solid 
is higher than in milk chocolate.  

 The amount of polyphenolic compounds also depends on the provenience of the cocoa beans and 
can vary dramatically from region to region. However, during fermentation, the content of polyphenols 
is greatly modi fi ed. In fact, polyphenols diffuse in the cells, and they are degraded by polyphenol oxi-
dase, with a consequent decrease of the amount of  fl avonoids. Moreover, the degradation of anthocya-
nins during the fermentation modi fi es the color of the beans, which is initially purple and then becomes 
brown. The amount of phenols also decreases with roasting steps at high temperature and long times.  

   Table 8.5    Changes to monosaccharides and oligosaccharides during roasting of cocoa beans a    

 Glucose 
(mg/20 g) 

 Fructose 
(mg/20 g) 

 Sucrose 
(mg/20 g) 

 Raf fi nose 
(mg/20 g) 

 Stachyose 
(mg/20 g) 

 Verbascose 
(mg/20 g) 

  Ghana  
 Non-roasted  12.4  83.6  31.6  4.0  15.1  1.9 
 Roasted  0.9  11.9  28.2  5.4  10.6  1.3 

  Ivory Coast  
 Non-roasted  15.9  56.0  31.0  3.0  12.2  0.9 
 Roasted  1.0  8.7  40.5  5.5  14.4  0.9 

  Ecuador  
 Non-roasted  16.8  34.4  96.6  12.2  20.1  0.8 
 Roasted  2.1  12.1  124.8  14.9  22.2  0.9 

   a Adapted from reference Redgwell et al.  [  21  ] , Copyright 2003, with permission from Elsevier  
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  Fig. 8.3    Structures of main polyphenols present in cocoa       
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   Organic Acids 

 The kind and amount of organic acids contained in cocoa beans depend on the maturation and fermen-
tation stages. Also, geographical origin is another important factor to determine a total and/or single 
acid composition of the beans (Table  8.6 ).  

 The most common organic acids are citric, oxalic, malic, acetic, and formic. The most important is 
acetic acid because of its in fl uence on the taste of cocoa (Fig.  8.4 ). Indeed, fermentation and drying 
duration affect the amount of acetic acid, which is produced by the fermentation of lactic acid and 
ethanol. During this step, acetic acid destroys the cells of the cotyledons and diffuses into the beans, 
making possible the reactions between phenolic compounds, proteins, and oxygen, which lead to less 
bitter complexes and develop the  fl avor of cocoa  [  25  ] .  

 However, organic acids represent the antinutritional compounds contained in cocoa, and, accord-
ing to their quantity, they may have adverse health effects. 

 The amount of phytic acid is reduced during the processing of cocoa, and its concentration depends 
on the type of cocoa and the strength of the roasting step. Phytic acid may have effects at the intestinal 
level, where it forms insoluble complexes with Ca 2+ , preventing its absorption. On the other hand, 
oxalic acid (0.3–0.5% in cocoa powder) produces insoluble oxalates that bind to calcium and, as a 
consequence, inhibits its absorption. 

   Table 8.6    Organic acids levels in cocoa beans from different geographic regions a,b    

 Origin 
 Acetic acid 
(g/kg) 

 Citric acid 
(g/kg) 

 Lactic acid 
(g/kg) 

 Oxalic acid 
(g/kg) 

 Total acid 
(g/kg) 

 West Africa  3.0  6.1  1.2  4.5  14.8 
 Indonesia  5.9  4.6  3.6  3.5  17.6 
 Philippines  6.2  7.2  4.6  3.8  21.8 
 Malaysia  6.6  5.8  4.6  4.3  21.4 
 South Paci fi c  7.1  4.7  23.0  2.3  17.7 
 Papua New Guinea (plantation)  8.3  3.0  5.7  4.8  33.3 
 Papua New Guinea (smallholder)  7.1  3.6  4.0  4.9  18.1 

   a  Adapted from reference Holm et al.  [  25  ] , with permission from John Wiley and Sons 
  b  For each region, values are the means from samples collected in different locations within the area  

  Fig. 8.4    Structures of organic acids present in cocoa       
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 Chlorogenic acid (5-caffeoil-quinic acid) contained in cocoa beans varies from 8.8 to 17.5 mg/kg, 
according to the origin of cocoa. Its quantity decreases with the roasting step due to thermal degrada-
tion (Table  8.7 ). In water solution, chlorogenic acid liberates caffeic acid and quinic acid since it reacts 
with quinines and proteins, limiting, as a consequence, the bioavailability of amino acids and enzymes. 
In particular, caffeic acid inhibits the activity of thiamine (vitamin B1) and thus its absorption.   

   Purinic Alkaloids 

 Cocoa beans contain stimulant substances, purinic alkaloids, such as caffeine, theobromine, and theo-
phylline (Fig.  8.5 ). While theobromine (whose name derives from  Theobroma cacao ) is present in a 
concentration between 2% and 3%, cocoa contains quantities of caffeine lower than coffee (<1%). 
However, theobromine has a weaker effect on the nervous system compared to caffeine. In general, 
the effects of these substances on the nervous system include increased concentration and attention 
and vasodilatation with consequent increase in diuresis  [  26  ] .   

   Biogenic Amines 

 2-Phenylethylamine, tryptamine, and tyramine are the most common amines in cocoa (Fig.  8.6 ). Their 
concentration increases after roasting step, probably due to thermal decarboxylation of free amino 
acids. In general, they derive from microbial decarboxylation of amino acids (phenylalanine, trypto-
phan, and tyrosine, respectively) via decarboxylase-positive bacteria. Biogenic amines are vasoactive 
compounds that, if taken at appropriate doses, especially in susceptible persons, can provoke blushing, 
headaches, and blood pressure variation up to fatal effects, such as cardiovascular shock. These effects 
are due to the inhibition of enzymes in the human body, which catabolize biogenic amines such as the 
monoamine oxidase (MAO) and diaminoxidase (DAO). For this reason, foods containing these bio-
genic amines should be avoided for patients with the treatment of MAO and DAO inhibitors.  

 2-Phenylethylamine, a molecule with a structure similar to the one of amphetamines, is found in 
cocoa in discrete quantities. Due to this structural similarity, it can activate brain receptors of dopamine 

  Fig. 8.5    Structures of purinic alkaloids       

   Table 8.7    Amount of caffeic, chlorogenic, and vanillic acids in different varieties of cocoa a    

 Variety  Caffeic acid (mg/kg)  Chlorogenic acid (mg/kg)  Vanillic acid (mg/kg) 

 Arriba  109.5  8.80  4.14 
 Avorio  13.92  17.47  0.98 
 Ghana  27.03  14.38  10.57 

   a  Adapted with permission from reference Arlorio  [  31  ]   
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  Fig. 8.6    Structures of biogenic amines present in cocoa       

and noradrenalin (e.g., in delaying the appearance of fatigue). Moreover, 2-phenylethylamine is con-
sidered to be the bioactive compound responsible of chocolate craving  [  27,   28  ] . The quantity of the 
amine in cocoa is quite contradictory since concentrations between 1.8 and 22.0 mg/kg have been 
reported. But some authors were not able to detect this amine in cocoa. The sense of euphoria and 
satisfaction consequent to chocolate consumption derives from anandamide, an endogenous fat that 
can bind to the receptor of cannabinoids  [  29  ] . 

 Another class of important compounds present in cocoa beans are tetrahydro-beta-carboline deriv-
atives (0.18  m g/g) (see Fig.  8.6 ), indolic natural alkaloids produced by condensation of indolamine 
and aldehydes. Serotonin (1.25  m g/g) and tryptamine (0.69  m g/g) are also present in cocoa and are the 
precursors of tetrahydro-beta-carboline alkaloids  [  30  ] . These compounds appear to have neurologi-
cally active roles since they can bind to the receptor of benzodiazepines and modulate the uptake and 
release of serotonin, thus inhibiting MAOs. 

 Antioxidants, such as clovamide (see Fig.  8.6 ), have also been found in cocoa liquor. They are 
molecules analogous of rosmarinic acid, and they have an antioxidant effect similar to that of ascor-
bic acid.      
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    Introduction 

 Since the discovery, 15 years ago, by Waterhouse  [  1  ]  that cocoa can inhibit LDL oxidation, many 
studies have reported the health bene fi ts of cocoa polyphenols for humans  [  2–  5  ] , and nowadays, the 
consumption of dark cocoa is recommended by dietitians and nutritionists as an polyphenol-rich food. 
In chronic studies, chocolate and cocoa have been found to increase  fl ow-mediated dilatation (FMD) 
by 1.45% (95% CI: 0.62%, 2.28%; 2 studies) and to reduce both systolic (by 5.88 mmHg; 95% CI: 
_9.55,_2.21; 5 studies; P for heterogeneity _ 0.0003, I2 _ 81%) and diastolic (by 3.30 mmHg; 95% CI: 
_5.77, _0.83; 4 studies; P for heterogeneity _ 0.009, I2 _ 70%) blood pressure. In acute studies, only 
chocolate or cocoa signi fi cantly improved FMD (3.99%; 95% CI: 2.86, 5.12; 6 studies, P for hetero-
geneity _ 0.1, I2 _ 46%; 70–177 mg epicatechin/d, at 90–149 min), compared with wine or tea  [  6  ] . 

 Cocoa is very rich in polyphenols, mainly  fl avan-3-ols. Phenolic compounds comprise 12–18% of 
the total weight of dried cocoa nibs  [  7  ] . Approximately 35% of the total content of polyphenols in 
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non-fermented cocoa nibs belonging to the Forastero variety is epicatechin (Table  9.1 ). The epicate-
chin content in non-fermented cocoa nibs of different varieties ranges between 34.65 and 43.27 mg/g 
(defatted samples). Compared with other  fl avonoid-rich food sources, such as green and black tea, red 
wine, and so forth,  fl avonoids from chocolate or cocoa seem to be more active in reducing cardiovas-
cular risk factors  [  6  ] .   

   Effect of Fermentation and Roasting 

 Fermentation results in a substantial loss of  fl avonoids (80–94%), depending on its duration  [  8,   9  ] . To 
evaluate the effect of fermentation and roasting on the bioavailability of phenolic compounds, Tomas-
Barberán et al.  [  10  ]  performed a randomized double-blind crossover study with six volunteers, in 
which they compared unfermented and unroasted cocoa, treated thermally by blanching with water at 
an internal temperature of 95°C for 5 min (to inactivate oxidative enzymes such as polyphenol oxi-
dase), with regular cocoa. Unfermented cocoa contained eight times more epicatechin and procyanidin 
B2 than conventional powder. Upon consumption of unfermented cocoa, the content of epicatechin 
glucuronide in plasma was  fi ve times higher, and levels of methyl epicatechin sulfate in urine were 
also two- to twelve-fold higher, depending on the metabolite, than after ingestion of regular cocoa. 
However, microbiota metabolites were not evaluated in this study. Strategies that increase polypheno-
lic or counteract processing effects on polyphenol bioavailability are needed in developing-country 
settings.  

   Biological Properties of Cocoa Flavonoids Are Conditioned 
by Their Bioavailability 

 Different studies have proven the absorption of catechin, epicatechin, and dimeric procyanidins after 
the intake of different cocoa by-products by animals and humans by reporting an increase in their 
plasmatic concentrations  [  11–  15  ] . The absorption of these  fl avonoids across the human intestinal 
epithelial membrane varies between aglycones and polymeric forms. However, in contrast to what 
was initially thought, neither dimeric nor polymeric forms (procyanidins) are hydrolyzed at a gastric 
level, thus arriving intact to the small intestine  [  16  ] . The aglycones, using the Caco-2 cellular model 

 Compound 
 Cocoa nibs 
(mg/100 g) 

 Catechin  72.4 
 Epicatechin  328.1 
 Procyanidin B1  16.6 
 Procyanidin B2  92.1 
 Quercetin  2.5 
 Isoquercitrin  11.0 
 Hyperoside  9.0 
 Quercetin 3-O-arabinoside  16.5 
 Apigenin  0.5 
 Vitexin  0.4 
 Isovitexin  0.4 
 Luteolin  0.5 
 Luteolin-7-O-glucoside  1.2 

 Table 9.1    Levels 
of  fl avonoids found 
in cocoa nibs  
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of human intestinal absorption, pass through the intestinal cells by means of a multispeci fi c organic 
anion transporter  [  17  ] . Procyanidin absorption depends on its molecular weight. Dimers and probably 
trimers are absorbed in the small intestine, although less ef fi ciently (under 0.5%) than epicatechin and 
catechin monomers, whose absorption level is in the 22–55% range  [  11–  13,   18  ] . Epicatechin is much 
more ef fi ciently absorbed than catechin  [  4  ] , possibily due to sterochemical differences that result in 
varying hydrophobicity  [  15  ] . Data on oral absorption percentages of these compounds are very lim-
ited. Added to this great interindividual variability, polyphenol-containing diet constituents and their 
interaction in the food matrix can also have an important effect on their oral bioavailability. In con-
trast, polymeric procyanidins, given their high molecular weight, are scarcely absorbed. However, 
results for cocoa procyanidin activity in in vitro assays, especially the data obtained with long-chain 
oligomers, should be treated carefully, because their potential activity in vivo is conditioned by poor 
bioavailability; however, these procyanidins are metabolized by microbiota and absorbed in the form 
of small molecules that may be biologically active. 

 Aglycones are extensively metabolized during their movement through the epithelial cells of the 
small intestine, resulting in the appearance of glucuronide conjugates (mainly), sulfate conjugates, 
sulfoglucuronide conjugates, and methylated conjugates of corresponding aglycones  [  13,   19–  21  ] . 
These metabolites could be responsible, at least in part, for the effects observed on the central nervous 
system after cocoa and chocolate consumption. Speci fi cally, this has been seen in laboratory animals 
where epicatechin metabolites (glucuronide and 3-O-methylglucuronide) can cross the blood–brain 
barrier and act at a cerebral level (Fig.  9.1 )  [  22  ] .  

 Cocoa and its by-products are usually consumed with milk. Studies on the overall bioavailability 
of (+) and (−) -catechin and (−)-epicatechin from chocolate in human subjects report con fl icting 

  Fig. 9.1    Bioavailability of cocoa  fl avonoids in the human body       
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results regarding the in fl uence of food matrix factors such as milk protein and carbohydrate (sucrose 
and starch). Sera fi ni et al.  [  23  ]  observed that the (−)-epicatechin area under the plasma pharmacoki-
netic curve (AUC) was lower for a milk chocolate confection compared to a dark chocolate confec-
tion, whereas when the dark chocolate was ingested with 200 mL milk, the AUC value was intermediate. 
They hypothesized that proteins in the milk bind to  fl avan-3-ols and limit their absorption from the 
gastrointestinal tract, suggesting that milk may reduce the protective effects of cocoa products. 
However, other authors  [  24,   25  ]  reported no statistical difference between the AUC of (−)-epicatechin 
from cocoa beverages consumed with water or milk. Interestingly, a parallel debate has arisen amid 
seemingly con fl icting reports about the effect of milk on plasma  fl avan-3-ol associated with the con-
sumption of black tea. 

 A recent study with Sprague-Dawley rats has found a signi fi cantly lower AUC from the milk 
formulations (high sucrose chocolate confection > high milk protein chocolate confection) for total 
polyphenol species analyzed, as well as the three (−)-epicatechin metabolites detected  [  26  ] . It should 
be noted that the authors of this last study analyzed confections, as did Sera fi ni et al.  [  23  ] , while the 
studies demonstrating no difference between milk and control  [  21,   27,   28  ]  used cocoa beverages. 
Another recent study of confections and beverages ingested by human subjects  [  26  ]  observed that the 
AUC of (−)-epicatechin from a high milk protein chocolate confection was lower than from a 
high sucrose chocolate confection and dark chocolate confection (control). However, the highest 
AUC and Cmax values were observed from milk-containing beverage forms of these chocolate 
formulations. 

 Taken together, these studies suggest that milk and sucrose appear to modulate the pharmacokinet-
ics of (−)-epicatechin and the formation of predominant catechin/epicatechin phase II metabolites 
from confections. The presence of milk protein also appears to exert a suppressive effect on the 
 bioavailability of these compounds from confections. In fact, milk may drive the phase II generation 
of sulfated metabolites  [  20  ] , which are rapidly excreted to urine, thus reducing the formation of 
glucuronides and O-Me glucuronides. In another study, milk markedly reduced the concentration 
of cocoa  fl avan-3-ol metabolites appearing in urine but did not affect either gastric emptying or the 
time for the passage of the meal through the gastrointestinal tract. Thus, the effect of the milk is more 
likely to be a consequence of the binding of its components directly to  fl avan-3-ols or to an interfer-
ence with the mechanism involved in their transport through the wall of the small intestine into the 
portal vein. However, milk does not appear to exert these effects to the same extent in beverage matri-
ces as in confections. 

 The  fl avonoids that are not absorbed through the gut barrier (mainly long-chain procyanidins) or 
that are excreted in the bile reach the colon where they can interact with the existing microbiota. Gut 
micro fl ora catalyze the breakdown into smaller molecules, producing phenolic acids, which have 
been described as microbial degradation products of  fl avanols  [  29–  33  ] . 

 This metabolization has already been seen in vitro  [  34  ] . Regarding the organisms responsible for 
this conversion, Schneider et al.  [  35  ]  identi fi ed two types of bacteria in human feces capable of 
metabolizing these compounds:  Enterococcus casseli fl avus,  which would only react with the sugar 
molecule, and  Eubacterium ramulus , which is capable of degrading the aromatic ring, thus trans-
forming  fl avonoids into lower molecular weight phenols such as hydroxyphenylacetic acids. This 
implies that monomeric  fl avonoids that have not been absorbed in the small intestine and reach the 
colon intact could also suffer metabolization. All these phenolic acids of low molecular weight, 
and with antioxidant activity could also have biological activity, have a local effect in the colon 
or be absorbed, thus contributing to the biological effects observed after the consumption of 
cocoa and its derivatives. The main microbial-derived metabolites of  fl avanols, such as 
5-(dihydroxyphenyl)-(gamma) g -valerolactone and 5-(hydroxymethoxyphenyl)-(gamma) g -valerolac-
tone, were also detected in their glucuronide and sulfate forms after cocoa intake  [  30  ] .      
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  Chocolate is consumed all over the world in all segments of society and by people of all ages. 
Nowadays, the consumer is more and more concerned with the nutritional status of foodstuff, and 
considering that chocolate may be an extremely rich source of many essential minerals, it can contrib-
ute to a healthy diet. Nevertheless, the evaluation of nutrient ingestion is a very complex task  [  1  ] . 

 The determination of metals in food has become an important  fi eld in food analysis. However, the 
accurate determination of metals in chocolate is still an analytical challenge owing to dif fi culties aris-
ing from matrix characteristics. Because chocolate is a complex matrix and metallic constituents are 
present in ppm (mg/kg) or ppb ( m g/kg) range, a successful determination of elements is a commitment 
between both the technique for sample decomposition and for metal measurement. 

 Of fi cial methods of analysis are designed for groups of samples classi fi ed according to their nature 
or for a speci fi c analyte  [  2–  6  ] . Among them, those for solid samples and metal determination using 
atomic spectrometric techniques that could be used for chocolate analysis are listed in Table  10.1 . All 

    Chapter 10   
 Methods in Chocolate Analysis: Use of Atomic 
Spectrometric Techniques       

        Denise   Bohrer            and      Carine   Viana   Silva   Ieggli              

 Key Points 

    Chocolate analysis for metal determination is an analytical challenge owing to matrix • 
characteristics.  
  Sample pretreatment is an important step for successful chocolate analysis.  • 
  Atomic spectrometric techniques enable one to determine major and minor metallic elements in • 
chocolate samples.    
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methods require sample decomposition, and the reagents are selected depending on the metal and 
spectrometric technique used.  

 Some features of the atomic techniques are displayed in Table  10.2 . Flame atomic absorption 
spectrometry (FAAS) is a simple and powerful detection technique for determining metallic elements. 
The sample is aspirated into a  fl ame (temperature about 2,300–2,700°C) where the element to be 
determined is atomized. As the radiation of the wavelength that the atoms are able to absorb is sup-
plied through the  fl ame, the absorbed radiation is proportional to the number of atoms of the element 
present in the  fl ame. Although FAAS is a powerful technique, only about 5% of the aspirated sample 
solution reaches the  fl ame, which reduces the sensitivity allowing measurements in the mg/L range. 
The advantages of FAAS include well-characterized interferences, low operator skill required for 
operation, and comparatively low cost of instrumentation and maintenance. In the graphite furnace 
atomic absorption spectrometry (GFAAS) technique, the sample is introduced in discrete amounts 
into a small graphite tube, which is heated to a determined temperature to ensure the atomization of 
the element to be determined. As in FAAS, radiation of adequate wavelength crosses the tube and is 
absorbed by the atoms of the element of interest atomized inside the tube. Because the atoms have a 
longer residence time in the optical path (radiation path) than in the  fl ame, a higher peak concentration 
of atoms is obtained and, therefore, enhanced sensitivity. Detection capability of GFAAS is in the 
range of  m g/L  [  8  ] .  

 Techniques using atomic emission spectrometry (AES), also called optical emission spectrometry 
(OES), use an inductively coupled plasma (ICP) to produce excited atoms and ions that emit electro-
magnetic radiation at wavelengths characteristic of a particular element. The wavelength of the atomic 
spectral line gives the identity of the element, while the intensity of the emitted light is proportional 
to the number of atoms of the element. Advantages of ICP-AES are excellent limit of detection, wide 
linear dynamic range, and multielement capability. On the other hand, owing to the multielement 
detection, it is possible that spectral interferences (due to the existence of several emission lines) can 
occur  [  9  ] . 

 The literature reports methods for chocolate sample treatment involving mostly wet digestion, as 
described in EPA 3050 method (see Table  10.1 ). The procedures listed in Table  10.3  include conven-
tional and microwave heating and high-pressure systems for wet digestion. In all cases, nitric acid is 
used, combined either with acids such as perchloric acid or hydrogen peroxide. Wet digestion allows 
for the subsequent metal measurement by  fl ame, graphite furnace, and atomic emission 
spectrometry.  

   Table 10.2    Performance parameters of  fl ame atomic absorption spectrometry, graphite furnace atomic absorption 
spectrometry, and inductively coupled plasma atomic emission spectrometry a    

 Parameter  FAAS  GFAAS  ICP-AES 

 Linear range  One order of magnitude  One order of magnitude  More than one order 
of magnitude 

 Concentration range  mg/L   m g/L  mg/L 
 Typical detection limit  0.1 mg/L  0.1–10  m g/L  0.1 mg/L 
 Precision (relative standard 

deviation) 
 1–2%  1–5%  <1% 

 Interferences  Not a problem  Need to be corrected  Need to be corrected 
 Sample volume  1–10 mL  10–100  m L  1–10 mL 
 Multielement analysis  Sequential  Sequential  Simultaneous 
 Time required for one run 

(one measurement) 
 <1 min  2–5 min  <1 min 

 Operating skills  Low  High  High 
 Maintenance  Low cost  Expensive  Expensive 

   a Data collected from reference  [  7  ]   
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 Another conventional sample treatment is dry ashing, which was employed by Onianwa et al.  [  14  ]  
for the determination of several metallic elements in cocoa beverages and by Sepe et al.  [  15  ]  for the 
determination of Al in different types of chocolate. In these procedures, after ashing, the residue is 
dissolved in diluted nitric acid and the elements measured by either FAAS or GFAAS. 

 Nonconventional treatments applied to chocolate samples include slurry sampling, cloud point 
extraction, and emulsi fi cation. 

 Slurry sampling coupled to FAAS or GFAAS has been employed for powdered chocolate analysis. 
In a common sense, slurry is a thick, stable suspension of a solid in a liquid phase. From the analytical 
point of view of sample preparation, slurry is a dispersion thin enough to ensure its transportation as 
a solution, that is, to be pipetted or aspirated from one reservoir into another. Slurry sampling offers 
potential advantages in analytical speed compared with wet digestion because the solid sample does 
not need to be decomposed by the action of acids or other oxidizing agents. The solid sample, in the 
form of a  fi ne powder, is only suspended in a solvent. Important attributes that contribute to slurry 
stability are particle size, solvent, stabilizing agent, and solid mass to total slurry volume  [  22  ] . 
Nevertheless, drawbacks associated with slurry sampling arise from weighing small amounts of sam-
ple, instrument calibration, and slurry inhomogeneity. Therefore, the main dif fi culties for slurry sam-
pling are to  fi nd (1) optimal mixture for slurry preparation, (2) instrumental parameters for AAS 
determination, and (3) conditions for calibration. Features of slurry sampling methods for the analysis 
of chocolate and chocolate-related products are listed in Table  10.3 . 

 A general problem associated with the measurement of slurries by GFAAS is the production of a 
carbonaceous residue into the tube. Karadjova et al.  [  16  ]  observed that hydrogen peroxide used for 
slurry preparation assists in the decomposition of organic matrix by converting the charring step into 
an oxidative decomposition process. They observed that a concentration of 0.1–0.2 mol/L hydrogen 
peroxide in the slurry is able to prevent the buildup of carbonaceous residues. 

 Another approach for sample pretreatment was proposed by Ferreira et al.  [  19  ]  using cloud point 
extraction (CPE) for pre-concentration of copper and zinc from powdered chocolate with subsequent 
determination by FAAS. Cloud point extraction is a separation technique based on the phenomenon 
in which an aqueous solution of surfactant becomes turbid (cloud point) at a speci fi c temperature, 
with the following separation of two distinct phases: one rich in surfactant containing the metallic 
ions and the other with the aqueous matrix. In order to be extracted into the micellar phase (surfac-
tant), metallic species should be in the form of hydrophobic chelates  [  23  ] . Nevertheless, because CPE 
is a separation technique that requires the analyte to be in solution, chocolate samples must be digested 
prior to separation. This approach allowed for enhancement factors of 36 and 32 for Cu and Zn, 
respectively; therefore, lower limits of detection than obtained with direct FAAS measurement could 
be attained  [  19  ] . 

 Direct emulsi fi cation with surfactants is another procedure for sample preparation that does not 
require destruction of the organic matrix  [  24  ] . It simply reduces the viscosity and the organic content 
of the sample, making the properties of the chocolate sample close to those capable of being analyzed 
by any spectrometric technique, while maintaining the system homogeneity and stability. 

 Emulsions and microemulsions are thermodynamically stable systems composed of water, oil, and 
surfactant. They differ in appearance, with the former usually being milky white and the latter being 
transparent. Both emulsion types, however, are obtained by the dispersion of two immiscible liquids 
with the concomitant fragmentation of one phase into the other with the aid of emulsi fi ers to enhance 
the stability of the emulsion  [  25  ] . 

 To utilize micellar media (as an emulsion or microemulsion) in the sample preparation for AAS 
measurements, some criteria should be taken into account: (1) the media should contain only the mini-
mum components necessary to stabilize the sample (i.e., sample, surfactant, and water), (2) the emul-
sion stability should be maintained for a time interval long enough to complete the analysis, (3) the 
media should have low viscosity to allow correct sample aspiration, and (4) all components should 
have low metal contamination and low background during the AAS measurement. 
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   Table 10.4    Summarized results of elements in chocolate- and cocoa-derived products   

 Element  Sample  Amount ( m g/g) range  Measurement  Reference 

 Aluminum  White chocolate  10.6  21.0  GFAAS   [  20  ]  
 White chocolate  1.2  1.9  GFAAS   [  15  ]  
 Milk chocolate  17.1  22.7  GFAAS   [  20  ]  
 Milk chocolate  4.1  8.5  GFAAS   [  15  ]  
 Dark chocolate  27.2  92.1  GFAAS   [  20  ]  
 Dark chocolate  9.9  30.1  GFAAS   [  15  ]  
 Cocoa powder  24.9  89.0  GFAAS   [  15  ]  

 Arsenium  Chocolate with pistachio  0.004  0.02  GFAAS   [  12  ]  
 Cadmium  Chocolate with pistachio  0.01  0.03  GFAAS   [  12  ]  

 Cocoa-based chocolate  0.01  2.73  GFAAS   [  10  ]  
 Milk-based chocolate  0.01  0.85  GFAAS   [  10  ]  

 Calcium  White chocolate  3,203.4  4,533.7  FAAS   [  21  ]  
 Milk chocolate  1,546.2  2,523.3  FAAS   [  21  ]  
 Dark chocolate  324.4  2,069.5  FAAS   [  21  ]  
 Chocolate beverages  116  2,540  ICP-OES   [  11  ]  
 Powdered cocoa 

beverages 
 149  5723  FAAS   [  13  ]  

 Copper  White chocolate  <LOD  0.2  GFAAS   [  25  ]  
 Milk chocolate  1.5  2.3  GFAAS   [  25  ]  
 Dark chocolate  4.3  12.4  GFAAS   [  25  ]  
 Powdered chocolate  26.6  31.5  FAAS   [  24  ]  
 Chocolate with pistachio  9.15  10.61  FAAS   [  20  ]  
 Chocolate beverages  2.6  6.6  ICP-OES   [  19  ]  
 Powdered cocoa 

beverages 
 3.9  25.8  FAAS   [  21  ]  

 Powdered chocolate  3.3 ±0.1 a   FAAS   [  13  ]  
 Chromium  Chocolate beverages  < LOD  0.8  ICP-OES   [  11  ]  

 Powdered cocoa 
beverages 

 < LOD  3.2  FAAS   [  13  ]  

 Iron  White chocolate  1.2  3.0  FAAS   [  21  ]  
 Milk chocolate  14.7  27.4  FAAS   [  21  ]  
 Dark chocolate  35.8  140.8  FAAS   [  21  ]  
 Chocolate with pistachio  2.31  3.67  FAAS   [  12  ]  
 Chocolate beverages  44.3  93  ICP-OES   [  11  ]  
 Powdered cocoa 

beverages 
 95  652  FAAS   [  13  ]  

 Lead  Chocolate with pistachio  0.001  0.04  GFAAS   [  12  ]  
 Cocoa-based chocolate  0.236  8.04  GFAAS   [  10  ]  
 Milk-based chocolate  0.234  2.62  GFAAS   [  10  ]  
 Powdered cocoa 

beverages 
 0.8  3.8  FAAS   [  13  ]  

 Magnesium  White chocolate  325.7  496.8  FAAS   [  21  ]  
 Milk chocolate  1,546.2  2,523.3  FAAS   [  21  ]  
 Dark chocolate  324.4  2,069.5  FAAS   [  21  ]  
 Chocolate beverages  363  1,090  ICP-OES   [  11  ]  

 Manganese  White chocolate  0.8  2.7  GFAAS   [  20  ]  
 Milk chocolate  3.6  5.2  GFAAS   [  20  ]  
 Dark chocolate  8.4  17.3  GFAAS   [  20  ]  
 Powdered chocolate  42.8  52.7  FAAS   [  17  ]  
 Chocolate beverages  2.4  35.9  ICP-OES   [  11  ]  

 Mercury  Chocolate with pistachio  0.008  0.02  FAAS   [  12  ]  
 Molybdenum  Chocolate beverages  0.3  2.6  ICP-OES   [  11  ]  

(continued)
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 Spontaneous formation/stabilization of emulsions or microemulsions rarely occurs because this 
process requires a sequence of steps. The formation of droplets of the internal phase must occur  fi rst 
and be followed by the stabilization of these droplets in the external phase. These two steps should 
occur before the internal phase begins to coalesce and generally requires heating and mechanical stir-
ring. Stabilization and the coalescence speed depend mainly on the stirring time and on the tempera-
ture, thereby requiring optimal parameters for the formation of a stable microemulsion  [  26  ] . 

 An increased temperature reduces interfacial tension but can also favor the separation of the phases 
due to the increased kinetic energy of the droplets. The emulsi fi cation temperature as well as cloud 
point is a characteristic of each surfactant. By the addition of other substances, this temperature can 
be increased or reduced; thus, for each sample/emulsi fi er combination, an optimization of the tem-
perature is required. In general, emulsions are prepared at temperatures between 70°C and 80°C. In 
the initial period of stirring, the droplets necessary for emulsi fi cation are formed. If the stirring exceeds 
the necessary period for ideal stability, adhesion can take place due to droplet collisions. This period 
of time is usually determined empirically. 

 Table  10.4  summarizes the results found in the studies listed in Table  10.3 . Differences between the 
levels found for some elements are probably correlated to sample composition, which varies from one 
sample to another. Among the elements recorded in Table  10.4  are essential and those considered 
toxic for humans. Although some toxic elements are present in chocolate- or cocoa-derived samples, 
their levels are in ng/g, whereas the essential elements are in the range of mg/kg.      

 Element  Sample  Amount ( m g/g) range  Measurement  Reference 

 Nickel  Chocolate with pistachio  0.33  1.52  GFAAS   [  12  ]  
 Cocoa-based chocolate  0.049  8.29  GFAAS   [  10  ]  
 Milk-based chocolate  0.137  8.288  GFAAS   [  10  ]  

 Phosphorus  Chocolate beverages  517  2950  ICP-OES   [  11  ]  
 Potassium  White chocolate  2,745.3  3,952.1  FAAS   [  21  ]  

 Milk chocolate  2,595.6  3,671.5  FAAS   [  21  ]  
 Dark chocolate  3,653.9  6,361.6  FAAS   [  21  ]  
 Chocolate beverages  1,340  6,620  ICP-OES   [  11  ]  

 Selenium  Chocolate beverages  3.1  7.6  ICP-OES   [  11  ]  
 Sodium  White chocolate  921.0  1,411.2  FAAS   [  21  ]  

 Milk chocolate  450.1  932.2  FAAS   [  21  ]  
 Dark chocolate  59.8  509.8  FAAS   [  21  ]  
 Chocolate beverages  49  1,770  ICP-OES   [  11  ]  

 Sulfur  Chocolate beverages  198  2,480  ICP-OES   [  11  ]  
 Zinc  White chocolate  10.3  13.5  FAAS   [  21  ]  

 Milk chocolate  7.5  10.7  FAAS   [  21  ]  
 Dark chocolate  12.1  23.3  FAAS   [  21  ]  
 Powdered chocolate  88.6  102.4  FS-FAAS   [  17  ]  
 Chocolate with pistachio  14.05  16.68  FAAS   [  12  ]  
 Chocolate beverages  3.9  119  ICP-OES   [  11  ]  
 Powdered chocolate  9.0 ±0.1 a   FAAS   [  19  ]  

   a Mean ± standard deviation  

Table 10.4 (continued)
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    Introduction 

 In this chapter we present an overview of the effects of chocolate on animals, starting with the effects 
of cacao plantations on biodiversity, the use of cocoa by-products in domestic animal husbandry, and 
the reported and varied toxicity of chocolate in both domestic and wild animals.  

    Chapter 11   
 The Effects of Chocolate and Chocolate by-product 
Consumption on Wild and Domestic Animals       

      Brett   David   Gartrell          and    Wendi   Dianne   Roe            

 Key Points 

    Modern, high-yield cocoa plantations have a negative impact on biodiversity, and there is a press-• 
ing need for  fi nancial incentives to encourage use of less destructive farming systems.  
  The use of low-value cocoa by-products, particularly cocoa husk, in animal feed has potential • 
economic bene fi ts for many cocoa-producing countries.  
  Inclusion of chocolate and its by-products in animal feed has led to fatal toxicity in pigs, poultry, • 
cattle, and horses.  
  Theobromine is the main toxin responsible for accidental poisoning in domestic and wild animals. • 
Horses, pigs, chickens, and dogs are particularly sensitive.  
  Chocolate is one of the most common causes of accidental poisoning in dogs.  • 
  Chocolate toxicity is rarely encountered in wildlife, but it does occur. Chocolate has been used to • 
poison coyotes.    
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   Cacao Plantations and Biodiversity 

 Cocoa is a crop from the cacao tree  Theobroma cacao,  which is produced in lowland tropical areas 
such as western Africa (Cõte d’Ivoire and Ghana), South and Latin America, and Indonesia  [  1  ] . These 
areas are also regions of high biodiversity, and tropical forest loss to agriculture is occurring at alarm-
ing rates  [  2  ] . The current protection for natural forest in these areas is inadequate to protect their 
biodiversity; increasingly, conservationists are looking for ways to include the adjacent agricultural 
areas in the conservation of the natural resources of the tropical forests  [  3  ] . Shaded cacao plantations 
have been held up as an example of how agroforestry practices can be integrated with conservation  [  2  ] . 
It is widely acknowledged that shaded plantation systems contain more biodiversity than monocul-
tures or alternative land uses  [  1,   2,   4–  6  ] . However, recent trends in cacao farming practices and wider 
studies of the impact of these farms on biodiversity suggest that integrating conservation and farming 
may not be as simple as  fi rst thought  [  3,   7  ] . 

 A range of farming systems are used for farming cocoa. Traditionally, in a rustic cacao system, 
small-scale producers clear the understory and plant cacao beneath thinned primary or old secondary 
forest. These systems require low input, with limited use of chemicals, but are very low yield  [  2  ] . At 
the other end of the management spectrum, some farms clear-fell and burn the forest before planting 
either a managed variety of shade trees or, more recently, modern varieties of cacao that produce 
higher yields without shade trees and are managed as monocultures. These systems require higher 
input in both labor and chemicals but produce higher yields  [  3  ] . There are dramatic reductions in 
biodiversity of plants and animals in these systems. 

 Rustic cacao systems occupy large areas of the lowland agroforests – for example, 40% of remain-
ing Atlantic Forest in Brazil  [  8  ] . While these farming systems contain more biodiversity than other 
land uses, they are still heavily modi fi ed landscapes that have much lower biodiversity than native 
forests, including large-bodied mammals, primates, bats, reptiles, and birds  [  2,   3,   6–  11  ] . Biodiversity 
in shade farms also dramatically declines when they are distant from natural forest remnants, suggest-
ing that they cannot be considered the sole answer to conservation in these regions  [  10  ] . Conservationists 
currently suggest that there need to be market incentives for the use of shade systems of farming over 
more managed, higher-production systems. 

 Finally, cacao farming is globally affected by boom and bust cycles. In times of poor prices, many 
farms are left fallow or converted to pasture. In times of high demand, natural forest remnants are 
cleared and converted to cacao  [  1  ] . Improved sustainability of farming systems and conservation solu-
tions that better address the needs of local farmers and global markets are urgently needed.  

   The Use of Cocoa By-Products in Animal Feed 

 The manufacture of chocolate results in several by-products that are of low economic value, and some 
of these have been used, both historically and more recently, in animal feed. During processing, cocoa 
beans are roasted, fermented, and ground to form a mixture that can then be pressed to separate out 
the cocoa oils. The remaining residue is known as press cake, and it can be ground to form cocoa 
powder. Cocoa shell, the thin outer layer of the bean, is usually removed before pressing and is a waste 
product of cocoa bean processing. While cocoa shell and cocoa meal (surplus press cake) are potential 
feed components that are produced in countries where cocoa beans are processed, cocoa-growing 
countries have access to a further by-product that has been found to be a useful animal feed. This 
product is cocoa husk, the  fi brous outer layer of the cocoa pod that encloses the cocoa beans embed-
ded in a mucilaginous pulp. In many cocoa-growing countries, cocoa husks are removed on site 
during harvesting, and were previously left to rot. In countries such as sub-Saharan Africa and 
the Paci fi c Islands, however, where animal feed can be costly or seasonally scarce, cocoa husk can 
provide a low-cost, locally produced source of feed for livestock  [  12–  14  ] . Although they are 
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comparatively low in energy and protein content, husks can be dried and ground to provide a high-
 fi ber compound that can be safely used in ruminant and rabbit feed at up to 45% of total diet without 
adversely affecting digestibility or palatability  [  13,   15,   16  ] . 

 Transport of cocoa husk to other countries is not economically viable, but in Europe, the outbreak 
of World War II led to an increased demand for cheap livestock feed components. During this time, 
there was a high demand for production of cocoa butter, generating large amounts of cocoa shell by-
product as well as a surplus of cocoa cake  [  17  ] . These products began to be incorporated into animal 
feed in the early 1940s  [  18  ] , and while this initially seemed to be a cost-effective means of supple-
menting animal feed rations, it was not long until problems with palatability and toxicity began to be 
reported  [  17–  19  ] . In fact, deaths in horses fed on cocoa shell had  fi rst been described in 1919, and 
decreased weight gain and food intake had been demonstrated in pigs, cattle, and chickens fed on 
various cocoa by-products  [  17  ] . Theobromine was identi fi ed as the toxic principle present, and horses, 
poultry, and swine were identi fi ed as being particularly susceptible to poisoning by this alkaloid  [  17  ] . 

 Subsequent studies have shown that theobromine levels vary between cocoa genotypes as well as 
between parts of the fruit itself, resulting in wide variations in concentration for various by-products. 
Theobromine levels are higher in African cocoa plants  [  20  ]  and are much higher in the kernel than in 
other parts of the unfermented bean  [  21  ] . During fermenting and roasting, however, theobromine 
leaches from the kernel into the shell  [  18  ] , and potentially toxic levels can be reached in shells that are 
removed after these processes are completed. 

 In general, theobromine levels in cocoa husk are comparatively low, and the low economic value of 
this waste product has made it an appealing option for use in animal feeds in cocoa-growing developing 
countries. Husks are low in protein, but high in  fi ber, and have been suggested to be similar in nutritive 
value to grass hay  [  22,   23  ] . Several studies have shown no loss in production parameters when husks 
are incorporated in feeds at low rates, although higher rates tend to result in decreased digestibility of 
nutrients or decreased food intake due to low palatability  [  12–  16,   22  ] . Interestingly, in 1978 an applica-
tion was lodged at the United States patent of fi ce to use cocoa products as an appetite stimulant in 
ruminants, with the applicants citing a stimulatory effect on food intake for lambs and rats  [  24,   25  ] . 

 Toxicity is more likely to be encountered when products containing higher levels of theobromine, 
such as cocoa meal and cocoa shell, are included in the diet. Alexander et al.  [  26  ]  reviewed the litera-
ture on adverse effects of theobromine in feed and found that decreased food intake and decreased 
production (reduced milk yield or reduced weight gain) were the earliest observed effects and occurred 
at low concentrations in pigs, poultry, and horses, and at higher levels in ruminants and rabbits. More 
dramatic clinical signs of toxicity, including sudden deaths, have been reported in pigs, poultry, and 
horses that were given feed containing cocoa shell or meal  [  17,   18  ].   

   Chocolate in Feed 

 While the use of by-products from growing and processing cocoa beans in animal feed has obvious 
economic advantages, a less obvious source of theobromine is the incorporation of waste chocolate 
into feed rations. Cramshaw  [  27  ]  estimated that approximately 20,000 T of chocolate is fed to animals 
in the United Kingdom each year. The majority of this chocolate is sourced from rejected product that 
fails to meet quality-control standards or following seasonal overproduction of chocolates at Easter 
and Christmas time. This chocolate can be incorporated into feed in solid form for use in ruminants 
and pigs or supplied in a comparatively concentrated liquid form for feeding to pigs. 

 The theobromine content of feed containing chocolate depends on the ratio of chocolate to 
other components as well as on the nature of the chocolate used (dark, milk, solid vs soft-centered 
chocolate). Several cases of poisoning resulting from inclusion of chocolate in the feed ration have 
been reported and are typi fi ed by the following report. In 1971 a veterinarian was called to examine a 
group of six calves that were showing signs of excitability and seizures, were sweating, and had rapid 
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respiratory and heart rates. One calf died during a seizure. Investigation of the feeding history found 
that the calves were being fed a ration containing waste chocolate. Once this was removed from the 
diet, the remaining  fi ve calves recovered uneventfully  [  28  ].  

 The incorporation of chocolate in feed has also had unanticipated effects in the horse-racing indus-
try. Theobromine, caffeine, and theophylline, all of which are found in chocolate, are included in the 
list of substances banned from use in racehorses owing to their ability to arti fi cially enhance perfor-
mance through increased heart rate and respiratory rate. In order to police this ban, urine or serum 
from a randomly selected sample of horses is tested after racing, and assays are performed to detect 
the presence of banned substances. High levels of theobromine were commonly found in the urine of 
horses up until the 1980s and were due to the inclusion of cocoa shell and cocoa meal in pelleted horse 
feed. Because of this, urinary theobromine levels of up to 300 ppm were considered legal in Europe for 
over 50 years. In 1979, however, a diuretic containing theobromine was released for medical use in 
horses, and numerous positive urine tests were found to be due to use of this drug. The acceptable 
urinary concentration of theobromine was subsequently lowered to 2  m g/mL  [  29,   30  ] . A number of 
high-pro fi le cases of apparently accidental positive tests have occurred since this time, including one 
case of a horse being fed a Mars bar, several that had been given chocolate peanuts as treats, and a 
horse that had been fed pelleted feed containing bakery waste that included chocolate  [  31,   32  ].   

   Chocolate Toxicity in Dogs and Cats 

 Dogs are well known as being fairly indiscriminate and opportunistic eaters, and chocolate is a ubiq-
uitous compound in households, so one might expect that the two would often “meet.” In 1983, how-
ever, Glauber and Blumenthal  [  33  ]  reported a case of fatal chocolate toxicity in a dog and noted that 
there were very few similar reports in the literature. While chocolate poisoning of dogs does not seem 
common based on the lack of case reports in the veterinary literature, the picture is slightly different 
when information from animal poison control centers and veterinary emergency centers is taken into 
account  [  34,   35  ] . The ASPCA center in Illinois, for example, found that chocolate toxicity was the 
second most common animal toxicosis, based on the number of calls they received from veterinarians 
and dog owners between 2001 and 2005  [  35  ] . The Dove-Lewis Emergency Center in Portland, Oregon, 
found that chocolate poisoning accounted for 25% of their poisoning admissions and was by far the 
most commonly diagnosed toxin  [  36  ] . In contract, no cases of toxicity have been reported in cats, 
which tend to be more discerning in their eating habits. 

 Chocolate toxicity can occur when owners feed chocolate to their dogs as treats or when dogs help 
themselves to chocolate they  fi nd around the house. Poisoning has also been reported in dogs that 
have eaten organic garden mulch made from cocoa beans and shells  [  37–  39  ] . Gans et al.  [  40  ]  undertook 
toxicity studies in crossbred dogs and found that the earliest signs of poisoning were restlessness, 
panting, and muscle tremors. Further reported clinical signs include vomiting, diarrhea, seizures, 
coma, and sudden death  [  33,   39,   41,   42  ] . Although theobromine is believed to be the most important 
toxin in chocolate poisoning, caffeine may also contribute to the clinical signs, and vomiting and diar-
rhea have been attributed to the fat present in ingested chocolate products  [  43  ] . 

 The severity of the clinical signs depends on the type and amount of chocolate ingested and the 
size of the dog. Gans et al.  [  40  ]  also found that there was some individual variation in response to 
doses of theobromine. Most chocolate products contain far higher levels of theobromine than caf-
feine, with unsweetened dark chocolate having the highest levels and white chocolate the lowest. 
Cocoa powder, which has been reported as causing the death of two dogs who shared a 225-g tin 
between them  [  42  ] , also has high levels of theobromine  [  40  ] . As a general rule, as little as 125 g of 
unsweetened baking chocolate is potentially fatal for a 20-kg dog. 

 Although there is no speci fi c antidote for methylxanthine poisoning, if chocolate toxicity is diag-
nosed early, it can be successfully treated. In cases where dogs are observed to eat chocolate, 
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Gwaltney-Brant  [  43  ]  recommends calculating the likely total methylxanthine intake by adding the 
amount of theobromine and caffeine ingested using known values for various types of chocolate. 
When the exact nature of the chocolate is not known, it is safest to use a worst-case-scenario approach 
by assuming the highest theobromine concentration (unsweetened chocolate). Mild signs of toxicosis 
are expected at levels of 20 mg/kg, severe signs at 40–50 mg/kg, and seizures at 60 mg/kg. Induction 
of vomiting can decrease absorption of toxins if done within 1–4 h of ingestion, and veterinary atten-
tion should be sought promptly.  

   Chocolate Toxicity in Birds 

 The reports of chocolate toxicity in captive birds are sketchy and anecdotal and much less frequent 
than in dogs. It has been suggested that birds are less likely to eat toxic amounts of chocolate but that 
they may be more sensitive to its effects, as all reported clinical cases have resulted in the death of the 
bird. Clinical signs reported before death have included depression or hyperactivity, cardiac arrhyth-
mias, regurgitation, convulsions, and diarrhea  [  44  ] . There is a single non-peer-reviewed case report of 
chocolate toxicity in an African gray parrot ( Psittacus erithacus ) that ate a chocolate doughnut and 
died showing liver, lung, and renal congestion as its main pathological  fi ndings  [  45  ].   

   Chocolate Toxicity in Wild Animals 

 Chocolate and chocolate analogs have been used to deliberately poison coyotes ( Canis latrans) . The 
authors of this study did not list doses of the ingredients used, just a 5:1 ratio of theobromine: caffeine, 
but claimed that all coyotes that ingested even small quantities of bait died  [  46  ].  

 There is only one report of accidental poisoning of wild mammals in the scienti fi c literature. In this 
study from Sweden, a red fox ( Vulpes vulpes ) and a European badger ( Meles meles ) were both found 
dead, with postmortem  fi ndings of chocolate waste from a nearby farm in the gastrointestinal tract. 
The paper mentions that a number of other foxes had been seen dead in the area, which prompted the 
investigation. High-performance liquid chromatography detected theobromine and caffeine in both 
the gastric contents and livers of both animals. The authors speculate that as canids, foxes may share 
domestic dogs’ susceptibility to chocolate intoxication  [  47  ] . 

 The only report of chocolate toxicity in wild birds is of the death of an adult male kea ( Nestor 
notabilis ) in good body condition at Mt. Cook village, in the Southern Alps of New Zealand  [  48  ] . The 
bird had been previously recorded as being able to open rubbish bins. The crop contained 20 g of what 
appeared to be dark chocolate; a conservative estimate of the dose of methylxanthines ingested by the 
bird was 250 mg/kg theobromine, 20 mg/kg caffeine, and 3 mg/kg theophylline. Histopathological 
examination revealed acute degenerative changes to hepatocytes, renal tubules, and cortical neurons. 
The postmortem diagnosis was acute combination methylxanthine toxicity after opportunistic inges-
tion of chocolate  [  48  ] .  

   Summary 

 Humanity’s love affair with chocolate has had profound implications for biodiversity in the lowland 
tropics, but there is hope that with global support and appropriate market incentives, local farmers can 
make a living from cocoa farming and still support the conservation of wild animals in their regions. 
The use of cocoa products in livestock feeds is limited by the toxic effects of theobromine, and while 
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it may be useful as a feed additive in cocoa-producing areas to enhance the value of otherwise 
worthless by-products, it is unlikely to  fi nd great favor in overseas markets. The toxic effects of 
chocolate on domestic dogs are underreported in the scienti fi c literature but widely recognized by 
practicing veterinarians and poison information centers. Other domestic animals are more rarely 
affected. Wildlife fatalities due to accidental poisoning with chocolate and chocolate waste products 
are rare but do occur, especially in inquisitive and scavenging species, and care should be taken in the 
disposal of chocolate waste.      
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  Cocoa is a source of health-promoting polyphenols including procyanidins, but they do not make 
 chocolate a healthy food item  [  1  ] . Chocolate bars have a high energy density (>2 kcal/g)  [  2  ]  and 
are not as nutrient dense as wild foods (Tables  12.1  and  12.2 ) consumed by humans during the late 
Paleolithic  [  3  ] . Degenerative non-communicable diseases are rare or nonexistent in hunter-gatherers 
eating a late Paleolithic diet, that is, a low energy dense diet with a wild plant-to-animal energy intake 
ratio ~1:1, with  fi sh and shell fi sh providing a signi fi cant proportion of the animal component  [  3  ] . 
Nearly all the genes and epigenetic regulatory mechanisms humans carry today were originally 
selected for behaviorally modern humans who appeared in Africa between 100,000 and 50,000 years 

    Chapter 12   
 Chocolate Bars Based on Human Nutritional 
Requirements       

      Anthony   A.   Robson             

 Key Points 

    The nutritional value of chocolate bars should be based on the nutritional value of the low energy • 
dense late Paleolithic human diet to help reduce mental ill health, obesity, and other postprandial 
insults.  
  Current chocolate bars have a high energy density (>2 kcal/g).  • 
  Cocoa can be sweetened by the addition of calorie-free Purefruit™ (Tate & Lyle) monk fruit • 
( Siraitia grosvenorii ) extract. PUREFRUIT™ is approximately 200 times sweeter than sugar and 
has exceptional stability.  
  The energetic cost of the assimilation of chocolate can be increased by increasing its protein and • 
 fi bre content.  
  Self-assembled, water- fi lled, edible nanotubes that self-organise into a more complex structure, • 
possibly a 3D network of nanocellulose, could be incorporated into chocolate bars to lower their 
energy density to <1.6 kcal/g.  
  Durethan• ® KU 2-2601 packaging  fi lm enables the water content of chocolate bars to be increased 
without reducing product shelf life.  
  Aquatic biotechnology can provide all the nutrients needed to make chocolate really nutritious.    • 
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ago  [  3  ] . Thus, it has been argued that the typical diet, physical activity patterns, and body composition 
of late Paleolithic humans remain normative for contemporary humans – and models for disease-
prevention recommendations  [  3  ] . Indeed, an article in  Nature  highlighted, “It is dif fi cult to refute the 
assertion that if modern populations returned to a hunter-gatherer state then obesity and diabetes 
would not be the major public health threats that they now are”  [  4  ] . A double-blind, placebo-
controlled, randomized trial failed to  fi nd any bene fi cial effects of dark chocolate and cocoa con-
sumption on neuropsychological or cardiovascular health-related variables  [  5  ] . Furthermore, an increase 
in body weight has been found owing to the consumption of just 25 g of chocolate per day  [  6  ] , and 
dark chocolate and cocoa consumption has been associated with signi fi cantly higher pulse rates  [  5  ] .   

 Human food production should be linked to human nutritional requirements as its  fi rst priority 
 [  7,   8  ] . Thus, the high energy density and low nutrient density that characterize the modern diet must 
be overcome simultaneously  [  7–  9  ] . Overweight and obese people can develop paradoxical nutritional 
de fi ciency from eating high-energy-dense foods with a poor nutrient content. The  fi nding that people 
with a low-energy-dense diet (<1.6 kcal/g) have the lowest total intakes of energy, even though they 
consume the greatest amount of food, has important implications for promoting compliance with a 
healthy diet  [  2  ] . A processed food that is not both low energy dense and high nutrient dense is of poor 
dietary quality compared to the low-energy-dense foods of high nutrient density that humans should 
eat i.e. the most nutritious cooked wild plant and animal foods for humans  [  3,   10–  12  ] . 

 In 2009, Barry Callebaut AG, Switzerland, reported that they had reduced the energy density of 
their chocolate by aerating it; however, the resulting product still had a deleteriously high energy 
density (~4.3 kcal/g)  [  13  ] . Chocolate bars have a high energy density principally because they have a 
low water content  [  9, 14  ] . Self-assembled, water- fi lled, edible nanotubes that self-organise into a more 
complex structure, possibly a 3D network of nanocellulose, could be incorporated into chocolate bars 
to lower their energy density to <1.6 kcal/g  [  14, 15  ].  Nanocellulose is composed of nanosized cellu-
lose  fi brils ( fi bre diameter: 20–100 nm), has a water content of up to 99 per cent and the same molecu-
lar formula as plant cellulose  [  16  ] . The water inside the nanosized cellulose  fi brils could contain 
 fl avour with few calories e.g. a cup of tea without milk = 0.01 kcal g–1. The shape and supramolecular 
structure of the nanocellulose can be regulated directly during biosynthesis to produce  fl eeces,  fi lms/
patches, spheres and tubes  [  17  ] . Other edible materials can strongly adhere to the surface and the 
inside of nanocellulose structures such as  fl eeces to form edible composites  [  18  ] . Taste sensation per 
mouthful could be improved by adding  fl avouring substances processed on the nanoscale (increased 
surface area in contact with taste and smell receptors) to edible composites (Ultra fi ne food technol-
ogy: Eminate Limited, Nottingham, United Kingdom). Durethan® KU2-2601 packaging  fi lm pro-
duced by Bayer Polymers, Germany, is a nanocomposite  fi lm enriched with silicate nanoparticles 
which is designed to prevent the contents from drying out and prevent the contents coming into con-
tact with oxygen and other gases. Durethan® KU 2-2601 can prevent food spoilage  [  19  ]  and thus the 
water content of chocolate bars can be increased without reducing product shelf life. Therefore, nano-
cellulose is expected to be widely used a as a nature-based food additive  [  17, 18  ] . 

   Table 12.1    Energy density, water, protein, carbohydrate, and  fi ber content of a selection of food and drink (value per 
100 g) a    

 Energy (kcal)  Water (g)  Protein (g)  Carbohydrate (g)  Fiber (g) 

 Chocolate, dark (19904)  598  1.37  7.79  45.90  10.9 
 Hot chocolate (14194)  55  86.34  0.92  11.54  0.5 
 Oyster meat, cooked (15231)  163  64.12  18.90  9.90  0.0 
 Broccoli, cooked (11091)  35  89.25  2.38  7.18  3.3 
 Raspberries (35202)  62  84.48  1.12  13.85  7.5 

   a  Entries retrieved from the USDA National Nutrient Database for Standard Reference, Release 23 (2010) and are 
identi fi ed by a  fi ve-digit nutrient database number in parentheses  
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 Chocolate may appear to be high in  fi ber, but it is not when its energy density is reduced to a level 
similar to that of a typical fruit or vegetable (see Table  12.1 ). The energetic cost of the assimilation of 
chocolate can be increased by adding more protein and  fi ber to it  [  9  ] . Protein has more than three 
times the thermic effect of either fat or carbohydrate  [  20  ] , and because it has a greater satiety value 
than fat or carbohydrate  [  20,   21  ] , a high-protein diet (protein and carbohydrate intake both being 
approximately one-third of total energy intake) is of vital importance as a weight-loss strategy for the 
overweight or obese and for weight maintenance  [  22,   23  ] . Clinical trials have shown that calorie-
restricted, high-protein diets are more effective than are calorie-restricted, high-carbohydrate diets in 
promoting  [  24–  26  ]  and maintaining  [  27  ]  weight loss in overweight subjects, while producing less 
hunger and more satisfaction  [  28  ] . Furthermore, high-protein diets have been shown to improve meta-
bolic control in patients with type 2 diabetes  [  29–  31  ] . Some protein-based nanotubes are food-grade 
materials  [  32  ]  and can increase protein consumption at the expense of lowered carbohydrate. Chocolate 
bars must simultaneously satisfy the human “sweet tooth” and almost completely remove added sug-
ars such as glucose, fructose and sucrose from the diet  [  3  ] . Cocoa can be sweetened by the addition 
of calorie-free PurefruitTM (Tate & Lyle) monk fruit (Siraitia grosvenorii) extract  [  14  ] . PUREFRUIT™ 
is approximately 200 times sweeter than sugar and has exceptional stability. 

 The modern diet is too acidic  [  33  ] , and chocolate is an acid-producing food. The known health 
bene fi ts of a net base-yielding diet include preventing and treating osteoporosis  [  34,   35  ] , age-related 
muscle wasting  [  36  ] , calcium kidney stones  [  37,   38  ] , hypertension  [  39,   40  ] , exercise-induced asthma 
 [  41  ] , and the progression of age- and disease-related chronic renal insuf fi ciency  [  42  ] . Adding suf fi cient 
amounts of potassium bicarbonate to cocoa and chocolate will make them net base-yielding foods. 
The nutrition facts labels for Good Cacao TM  “The World’s Finest Superfood Chocolate®” (1) lemon 
ginger and (2) coconut chocolate bars show that they contain no vitamin A or vitamin C  [  43  ] . Vitamin 
A is particularly important during periods of rapid growth, both during pregnancy and in early 
 childhood. Vitamin A derivatives, retinoids, control the differentiation of neurones, and a role has 
been suggested in memory, sleep, depression, Parkinson’s disease, and Alzheimer’s disease  [  44  ] . 
Furthermore, vitamin A plays a critical role in visual perception, and a de fi ciency causes blindness 
 [  45  ] . Vitamin C de fi ciency causes scurvy. Chocolate contains practically no folate (see Table  12.1 ). 
Folate de fi ciency causes neural tube defects  [  46  ] , which produce malformations of the spine, skull, 
and brain and neurological disorders, such as depression and cognitive impairment  [  47  ] . It may be 
misleading to describe any current chocolate product as a superfood when its nutritional value is com-
pared to that of an oyster (see Tables  12.1  and  12.2 ). 

 The bioavailable nutrient content including cofactors of chocolate bars should be based on the 
nutritional value of the most nutritious cooked wild foods for humans and can be increased using 
existing bioactive encapsulation  [  9  ] . Aquatic biotechnology can provide chocolate manufactures with 
suf fi cient amounts of all the nutrients needed to make chocolate really nutritious, including protein, 
docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), arachidonic acid (AA), vitamins, miner-
als, and  fi ber  [  48–  52  ] . Reducing particle size using nanotechnology can further improve the proper-
ties of bioactive compounds (e.g., DHA and EPA), such as delivery, solubility, prolonged residence 
time in the gastrointestinal tract, and ef fi cient absorption through cells  [  53  ] . 

   Summary 

 The nutritional value of chocolate bars should be based on human nutritional requirements to help 
reduce mental ill health, obesity, and other postprandial insults  [  7–  9  ] . In the near future, food technol-
ogy could allow people to get their chocolate  fi x, while simultaneously and signi fi cantly increasing 
nutrient intake and reducing energy intake per day. Nanocellulose and calorie-free monk fruit extract 
could be used to lower the energy density of chocolate, and aquatic biotechnology can provide the 
nutrients needed to make it really nutritious.      
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 Key Points 

    High-oleic high-stearic sun fl ower mutant is one of the new commercial varieties of this oil crop • 
that have been developed by breeding and mutagenesis from common sun fl ower lines. The oil 
extracted from this line contains high levels of stearic acid in a high-oleic background and could 
be a source of stearate-rich fats in the future.  
  Dry fractionation is a process by which the triacylglycerols with a high degree of saturation of an • 
oil or fat are selectively crystallized and separated from the liquid matrix without the addition of 
any solvent to yield a solid fraction enriched in saturated fatty acids and a liquid fraction richer in 
unsaturated fatty acids. This method is used for palm oil fractionation.  
  Solvent fractionation involves the addition of solvent to oil as a step previous to its fractionation. • 
The resulting micelle is fractionated by crystallization of the species of triacylglycerols with 
higher levels of saturated fatty acids. The resulting solid phase is separated from the liquid one 
and washed with fresh solvent. This method is more ef fi cient than dry fractionation, although it 
requires higher operation costs. It is often used to obtain highly valuable stearate-rich butters from 
tropical fats.  
  Stearin is the name given to the solid fraction obtained in the fractionation of an oil or fat. It • 
contains higher levels of saturated fatty acids than the initial oil. Its characteristics and composi-
tion will depend on the composition of the initial oil and the method and conditions of 
fractionation.  
  A cocoa butter equivalent is a vegetable fat or a mixture of vegetable fats with similar physical and • 
chemical properties to those of cocoa butter. It has to be compatible in mixtures with cocoa butter 
and display similar polymorphism. Cocoa butter equivalents are produced by mixing stearate-rich 
tropical butters and fractions resulting from palm oil fractionation.    
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    Introduction 

 Cocoa butter (CB) is the fat accumulated in the seeds from the  Theobroma cacao  tree. This fat possesses 
a unique triacylglycerol (TAG) composition, with the disaturated species 1,3-dipalmitoyl-2-oleoyl    
glycerol (POP), 1-palmitoyl-3-stearoyl-2-oleoyl glycerol (POSt), and 1,3-distearoyl-2-oleoyl glycerol 
(StOSt) predominant (Table  13.1 ), accounting for about 80–85% of the total TAGs of this fat  [  1  ] . There 
are slight differences in the composition of the CB depending on the country of origin. Cocoa butters 
from South America (or soft CBs) have a higher content of unsaturated fatty acids (oleic and linoleic) 
and palmitic acid, at the expense of the concentration of stearic and arachidic acid (Table  13.2 ). Cocoa 
butters from Ivory Coast and Malaysia (hard CBs) are richer in stearic acid. This composition of fatty 
acids is re fl ected in their TAG composition (see Table  13.1 ). This TAG composition is responsible for 
the characteristic melting pro fi le of this fat, a process that takes place between 35°C and 38°C in the 
form of a steep step  [  2  ] . This melting temperature interval matches the human body temperature, which 
makes CB-based products, such as chocolate, melt quickly in the mouth, releasing aroma and  fl avor 
and causing a refreshing sensation  [  3  ] . The TAG composition of CB involves that this butter contain a 
high level of saturated fatty acids (up to 55%). However, unlike other saturated rich fats, CB did not 
cause negative effects on cardiovascular health  [  4  ] . The reason for this is the high level of stearic acid, 
the only saturated fatty acid that does not increase the levels of blood cholesterol, and the distribution 
of the saturated fatty acids that are esteri fi ed to the  sn -1 and  sn -3 positions of the glycerol backbone 
almost in their totality, minimizing their absorption rates in the small intestine. Moreover, this fat con-
tains high levels of oleic acid in the  sn -2 position of the TAG molecules. These facts, in addition to the 
positive effects of the antioxidants present in cocoa powder  [  5,   6  ] , have led to black chocolate being 
considered a healthy food from the point of view of cardiovascular disease and cancer prevention.   

 Among the minor components of the CB, polar lipids play an important role in the crystallization 
of this fat. Phospholipids account for 0.8–0.9 wt.% of the CB  [  7  ] . Arruda and Dimick  [  8  ]  associated 
the nucleation rate of the CB with the polarity of the phospholipids. Thus, polar phospholipids are 
related to slow-nucleating CBs, whereas rapid-nucleating CBs are rich in phosphatidylcholine and 
phosphatidylethanolamine, which provide nuclei in the early stages of crystallization. Furthermore, 
polar lipids delay the (alpha)  a -to- b  ¢  (beta) polymorphic transition and affect the kinetic of TAG crys-
tallization of CB  [  9  ] . 

 The high popularity of chocolate in developed countries, its perception as a healthy food, and its 
increasing consumption in developing countries have boosted world demand for CB in the  fi rst decade 
of the twenty- fi rst century. However, the production of CB is constrained by the dif fi culties inherent to 
cocoa tree cultivation. Thus, this species can only be grown in tropical areas with a speci fi c rainfall and 
altitude. Moreover, the cocoa tree is less productive than other oil crops (500 kg beans/Ha approx.), 
and production is often affected by pest attacks and climatology  [  3  ] . These limitations in the production 
usually result in market tensions and seriously compromise its supply in the future. In this regard, 
alternative fats with characteristics similar to CB for the production of confectionary products have 
been sought by food scientists  [  10  ] . Since there is no other species with a TAG composition similar to 
CB, the alternatives have been often selected as a function of their melting pro fi les. A group of fats used 
in confectionary as an alternative to CB have been the cocoa butter substitutes (CBSs), which are based 
in lauric fats  [  11  ] . These CBSs are prepared from coconut and palm kernel fats rich in laurate and 
myristate. These fats are fractionated to yield stearins richer in saturated fatty acids or treated by hydro-
genation and transesteri fi cation to produce fats displaying melting pro fi les similar to those from CB. 
CBSs have been broadly used in confectionary formulations. However, they display low compatibility 
with CB owing to the blends of both fats, which give rise to eutectics that resulted in important decreases 
of the melting point  [  10  ] . The use of CBSs in confectionary also has the inconvenience of the negative 
effects of these fats on human health, caused by its high levels of lauric and myristic fatty acids, which 
have been reported to increase the levels of blood cholesterol and the incidence of cardiovascular 
disease  [  12  ] . Similar physical properties and better compatibility with CB present the so-called cocoa 
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butter replacers (CBRs), which are butters obtained by hydrogenation of common vegetable oils. CBRs 
represent an accessible source of high melting point confectionary fats. However, as happens with 
other hydrogenated fats, they contain trans-fatty acids, which have been demonstrated to raise the lev-
els of LDH cholesterol at the expense of the HDH form, promoting arteriosclerosis  [  13  ] . The negative 
impact of trans-fatty acids on human health is now being considered even by food legislation. Currently, 
the only known healthy alternatives to CB are the fats de fi ned as cocoa butter equivalents (CBEs). 
These are de fi ned as non-lauric fats with a similar melting pro fi le, composition, and polymorphisms as 
CB, which should be compatible with CB without presenting any eutectic point  [  10  ] . These fats are 
usually prepared by blending tropical fats or fat fractions rich in stearic acid and palm mid fractions. 
Since there is not a natural source of POS alternative to CB, these blends cannot exactly match CB 
composition, but they displayed a similar melting pro fi le. The European legislation allows the addition 
of CBE to regular chocolate to a limit of the 5% of the total fat of the formulation. The tropical fats used 
in these formulations come from exotic species like shea, kokum, or illipe, which are wild trees grow-
ing in the rainforest and involve hand harvest and artisanal processing, so its production is often neither 
reliable nor predictable and is subjected to incidences and variations. In this regard, it would be of inter-
est having a trusted source of natural stearate-rich butters to allow the production of healthy confection-
ary products. Sun fl ower is a well-established annual oil crop that can be cultivated in large areas within 
a temperate climate. This plant has been demonstrated to have great plasticity in its fatty acid metabo-
lism. Thus, it was possible to produce new lines with altered fatty acid composition by techniques of 
breeding and mutagenesis, which did not involve any transgenesis and so avoid any discussion on the 
proliferation of genetically modi fi ed organisms in agriculture  [  14  ] . Among the different phenotypes of 
the sun fl ower lines obtained, the lines displaying high content of saturated fatty acids in high-oleic 
background are especially remarkable. In this regard, the high-oleic–high-stearic (HOHS) sun fl ower 
mutant is of special interest  [  15  ] . This was obtained by transferring the high-stearic phenotype obtained 
by chemical mutagenesis of common sun fl ower to high-oleic sun fl ower backgrounds. These lines dis-
played contents of stearic acid ranging between 15% and 25%, which contrasted with the common 
sun fl ower, which contains no more than 5% of this fatty acid. The oleic acid content of this mutant is 
also high, ranging from 60% to 70% of total fatty acids, and it also displays very low amounts of poly-
unsaturated fatty acids (from 2% to 6%). Therefore, HOHS sun fl ower could be a reliable source of 
stearic acid–rich fats for confectionary. However, with reference to the TAG composition of this oil, its 
content of disaturated TAGs is far from that necessary for the production of CBEs. So the melting curve 
of these oils displayed high contents of solids than common and high-oleic sun fl ower oils but far less 
than CB or shea stearins. So, the use of this oil as a source of stearate-rich fat would require the previ-
ous concentration of disaturated TAGs by means of fat fractionation techniques.  

   Oil Fractionation Technology 

 Oil or fat fractionation is a process in which the TAGs of the initial fat will be separated as a function 
of their melting point. It involves the crystallization of the TAGs with a higher melting point followed 
by a step of separation. The solid crystallized fat is called stearin, whereas the resulting liquid fraction 

 Fatty acids (%, w/w) a  

  Cocoa butter   16:0  18:0  18:1  18:2  20:0 

 Ivory Coast  25.5  37.8  32.7  2.7  1.3 
 Malaysia  24.5  38.4  33.2  2.5  1.4 
 Ecuador  27.9  33.7  34.1  3.4  1.0 
 Cuba  26.2  35.0  34.4  3.3  1.1 

   a Trace fatty acids (less than 0.2%) were not integrated. 
16:0 palmitic acid; 18:0 stearic acid; 18:1 oleic acid; 
18:2 linoleic acid; 20:0 arachidic acid  

   Table 13.2    Fatty acid 
composition of cocoa butter 
from different countries   
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is called olein. This method allows low-cost production of fats with speci fi c properties and applications 
and avoids any chemical transformation. Therefore, it is widely used, mainly by the palm oil industry, 
to produce palm stearins, mid fractions, and oleins, whose use is quite extensive within the food 
industry. Two main techniques are used to fractionate oils: dry or solvent fractionation  [  16  ] . Dry frac-
tionation involves the crystallization of TAGs with the higher degree of saturated fatty acids by cool-
ing down the melted fat without the addition of any solvent. The  fi ltration step is usually ful fi lled at 
medium or high pressures to remove most of the olein remaining in the solid phase  [  17  ] . The solvent 
fractionation process requires the addition of an organic solvent, such as hexane or acetone, and the 
crystallization of the TAGs with higher levels of saturation within the resulting micelle  [  18  ] . The result-
ing solids are vacuum- fi ltered. Dry fractionation is less ef fi cient, and often several steps are required 
to reach the desired results, whereas solvent fractionation is more ef fi cient, producing high enrich-
ment of saturated TAG species in a single step. However, the solvent management increases the cost 
of the solvent fractionation process, so it is usually applied for the production of valuable fats and 
butters, as is the case of shea stearin used for preparation of CBE blends and confectionary products. 
The HOHS sun fl ower oil has been fractionated by both dry and solvent procedures, yielding fractions 
of different degree of saturation in function of the conditions of the process. 

   Dry Fractionation of High-Oleic High-Stearic Sun fl ower Oil 

 These oils can be fractionated without the addition of any solvent, as was depicted by Bootello et al. 
 [  19  ] . The in fl uence of temperature and seeding on the kinetics of the process and the  fi nal composition 
of the fractions were carefully studied in that work. Moreover, the crystallization kinetics of these fats 
was studied applying the mathematical models of Gompertz  [  20  ]  and Avrami  [  21  ] . Crystallization is 
the determinant step in fat fractionation. This involves a  fi rst step of nucleation, which is the process, 
whereby the  fi rst stable crystals are formed in the overcooled liquid matrix of the melted fat  [  22  ] . It 
can be either homogeneous, if the nuclei are spontaneously formed by direct interaction of the TAGs 
with a higher melting point, or heterogeneous, when the process takes place on the surface of particles 
or on the walls of the container. The second step within crystallization is crystal growth that takes 
place when the most saturated TAGs are incorporated in the formed nuclei, increasing the size of the 
crystals until their concentration reaches the value of their solubility in the liquid matrix at the crystal-
lization temperature  [  18  ] . For an optimum fractionation, the formation of stable crystals of a big size 
is required. This would allow an easier step of  fi ltration and a better compression of the  fi ltered cake 
to remove the trapped liquid phase or olein. Oils and fats can crystallize in several forms. The most 
unstable crystals are those of (alpha) a  form, which occurs when the fat is cooled down quickly. The 
more stable forms (beta) b  ¢  and (beta) b  are much more adequate for fractionation  [  23  ] , so they should 
be promoted by applying slower cooling rates and appropriate seeding. 

 HOHS sun fl ower oil can only be fractionated within a short range of temperatures, ranging from 
17°C to 19°C  [  19  ] . The effect of the addition of seeding crystals on the crystallization kinetics of this 
oil was therefore studied at a temperature of 18°C. The model of Gompertz parameterized the kinetics 
of crystallization by  fi tting the curve of crystalline fraction formed to a sigmoidal curve. Therefore, 
the curve is determined by the parameters (lambda) l , which is related with the lag time or time neces-
sary for the crystallization to start; (mu) m , which is the maximum crystallization rate; and a 

c
 , which is 

the maximum amount of crystals formed. The equation of Avrami corresponded to a logarithmic 
 fi tting that give notice of the mechanism of crystallization. 

 When crystallization is ful fi lled without the addition of crystal seeding, there were longer lag times 
and higher maximum crystallization rates. The speci fi city of the crystallization was generally poorer, 
yielding softer stearins with lower contents of saturated fatty acids and disaturated TAGs. The addition 
of high melting point stearin powder as a seeding agent induced a reduction in the crystallization lag 
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time but a decrease of the maximum crystallization rate, so it did not change the total crystallization 
time. Moreover, the parameterization of the crystallization curve through the Avrami equation allowed 
discovery of a change in the crystallization mechanism from spontaneous nucleation with spherical 
growth to instantaneous nucleation with spherical growth at seeding additions of 0.25% of stearin or 
higher. With regard to the  fi nal composition of the resulting stearins, the addition of seeding crystals 
induced a higher enrichment of saturated fatty acids in the  fi nal fractions, which ranged around 30% 
of disaturated TAGs, with yields that varied from 10% to 12%. Therefore, the addition of seeding 
crystals improved the speci fi city of the crystallization of HOHS oil. Furthermore, studies on the 
in fl uence of temperature on the crystallization of this oil indicated that temperatures in the lower 
range of the narrow interval in which this oil can be fractionated (17.5°C) accelerated the process 
of crystallization, whereas higher ones retarded the process. Temperature affected mainly to maxi-
mum crystallization rates and not the lag time of crystallization. Lower fractionation temperatures 
produced higher yields of stearin with lower levels of saturated fatty acids. On the other hand, stearins 
obtained at 19°C contained higher amounts of disaturated TAGs. 

   Characteristics of HOHS Sun fl ower Stearins Obtained by Dry Fractionation 

 Dry fractionation produced stearin fractions enriched in saturated fatty acids from HOHS sun fl ower 
oils (Tables  13.3  and  13.4 ). This enrichment was about threefold for stearic acid and  fi vefold for lon-
ger chained fatty acids like arachidic or behenic. However, these fractions were far from the content 
of saturated fatty acids and disaturated TAGs found in CB or CBE formulations. The result was that 
they usually did not display the content of solid fat required by confectionary fats, which is estimated 
to be 40% at a temperature of 25°C  [  24  ] . This can be observed in Fig.  13.1 , where the melting pro fi les 
of the original HOHS oil, some stearins from dry fractionation of this oil or sun fl ower soft stearins 
(SSS1 and SSS2 from Tables  13.3  and  13.4 ), a typical CB, and two other tropical fats (mango and 
shea) are shown. The SSS fractions displayed melting pro fi les intermediate between the original oil 
and CB, with lower amounts of solids than shea and mango fat. Since SSSs have less than 50% of 
solids at 20°C, they can be used as  fi lling fats  [  25  ] . Nevertheless, the dry fractionation of this oil was 
an easy, cheap, and straightforward method to increase the content of disaturated TAGs of this oil. 
Thus, it could be used as an intermediate step within industrial processing aimed at the production of 
sun fl ower stearins with a higher melting point. Moreover, the SSSs obtained by dry fractionation 
displayed a melting pro fi le appropriate for other confectionary uses, such as plastic fat products, 
structured lipids,  fi llings, and shortenings, with the advantage of being a healthy, natural fat rich in 
stearic and oleic fatty acids.      

   Solvent Fractionation of HOHS Sun fl ower Oil 

 Solvent fractionation involves the crystallization of TAGs with a higher degree of saturation by cool-
ing down a micelle made up with the initial fat dissolved into an organic solvent (usually hexane or 
acetone). The fat crystals produced in this process are vacuum- fi ltered. Solvent fractionation is more 
ef fi cient than dry fractionation and produces a higher enrichment of disaturated TAGs species in a 
single step  [  16  ] . This fractionation method has the additional advantage of inducing  b -crystallization 
of TAGs, which increases selectivity and crystal stability. The main disadvantage of solvent fraction-
ation was the operating costs, which could be tenfold higher than those involved with the dry fraction-
ation processes. Therefore, this technique is usually applied in the production of valuable fractions, 
such as stearate-rich butters used in CBE or confectionary formulation. 



15513 Comparing Sunflower Stearins with Cocoa Butter

   Ta
bl

e 
13

.3
  

  T
ri

ac
yl

gl
yc

er
ol

 c
om

po
si

tio
n 

of
 h

ig
h-

ol
ei

c–
hi

gh
-s

te
ar

ic
 s

un
 fl o

w
er

 o
ils

, 
su

n fl
 ow

er
 s

of
t 

st
ea

ri
ns

 (
SS

S)
 o

bt
ai

ne
d 

by
 d

ry
 f

ra
ct

io
na

tio
n,

 a
nd

 s
un

 fl o
w

er
 h

ar
d 

st
ea

ri
ns

 
(S

H
S)

 o
bt

ai
ne

d 
by

 s
ol

ve
nt

 f
ra

ct
io

na
tio

n   

 T
ri

ac
yl

gl
yc

er
ol

s 
(%

, w
/w

) a   

  F
ra

ct
io

n  
 PO

P 
 PO

St
 

 PO
O

 
 PO

L
 

 PL
L

 
 St

O
St

 
 St

O
O

 
 St

L
St

 
 O

O
O

 
 St

O
L

 
 O

O
L

 
 O

L
L

 
 A

O
St

 
 O

O
A

 
 O

L
A

 
 B

O
St

 
 O

O
B

 
 O

L
B

 
 SU

S b   

 N
17

 
 0.

3 
 2.

2 
 7.

2 
 1.

0 
 0.

3 
 4.

0 
 32

.5
 

 0.
0 

 31
.9

 
 5.

2 
 5.

6 
 0.

7 
 0.

7 
 2.

8 
 0.

3 
 0.

7 
 4.

2 
 0.

4 
 7.

9 
 N

20
 

 0.
6 

 4.
4 

 8.
7 

 0.
8 

 0.
1 

 7.
5 

 35
.8

 
 0.

0 
 23

.5
 

 3.
9 

 3.
1 

 0.
4 

 1.
5 

 3.
1 

 0.
3 

 1.
4 

 4.
9 

 0.
0 

 15
.4

 
 SS

S1
 

 0.
5 

 4.
6 

 6.
6 

 0.
5 

 0.
0 

 14
.2

 
 27

.2
 

 0.
0 

 30
.7

 
 2.

6 
 3.

3 
 0.

7 
 2.

0 
 2.

0 
 0.

0 
 2.

0 
 3.

1 
 0.

0 
 23

.3
 

 SS
S2

 
 0.

5 
 5.

8 
 5.

7 
 0.

4 
 0.

0 
 20

.9
 

 24
.0

 
 0.

0 
 26

.4
 

 2.
2 

 3.
0 

 0.
4 

 3.
0 

 1.
8 

 0.
0 

 3.
1 

 2.
7 

 0.
0 

 33
.4

 
 SH

S1
 

 1.
1 

 12
.1

 
 4.

8 
 0.

4 
 0.

0 
 28

.0
 

 21
.7

 
 0.

5 
 12

.1
 

 2.
3 

 1.
5 

 0.
1 

 5.
1 

 1.
8 

 0.
0 

 5.
6 

 2.
9 

 0.
0 

 52
.4

 
 SH

S2
 

 0.
8 

 11
.7

 
 3.

5 
 0.

3 
 0.

0 
 37

.7
 

 16
.4

 
 0.

5 
 9.

2 
 1.

6 
 1.

1 
 0.

0 
 6.

3 
 1.

3 
 0.

0 
 7.

5 
 2.

1 
 0.

0 
 64

.5
 

 SH
S3

 
 0.

6 
 10

.7
 

 1.
2 

 0.
1 

 0.
0 

 57
.5

 
 6.

5 
 0.

4 
 2.

9 
 0.

5 
 0.

3 
 0.

0 
 8.

0 
 0.

5 
 0.

0 
 10

.3
 

 0.
7 

 0.
0 

 87
.5

 
 SH

S4
 

 0.
4 

 9.
1 

 0.
8 

 0.
1 

 0.
0 

 63
.2

 
 4.

2 
 0.

5 
 1.

8 
 0.

5 
 0.

2 
 0.

0 
 7.

8 
 0.

3 
 0.

0 
 10

.5
 

 0.
4 

 0.
0 

 91
.5

 

   P
  p

al
m

iti
c;

  O
  o

le
ic

;  S
t  s

te
ar

ic
;  L

  li
no

le
ic

;  B
  b

eh
en

ic
; A

 a
ra

ch
id

ic
 

  a   T
ri

ac
yl

gl
yc

er
ol

s 
w

er
e 

na
m

ed
 w

ith
 th

re
e 

le
tte

rs
. T

he
  fi

 rs
t a

nd
 th

e 
th

ir
d 

co
rr

es
po

nd
ed

 to
 fa

tty
 a

ci
ds

 e
st

er
i fi

 ed
 in

 p
os

iti
on

s 
1 

an
d 

3;
 th

e 
se

co
nd

, t
o 

th
e 

fa
tty

 a
ci

d 
es

te
ri

 fi e
d 

in
 p

os
iti

on
 

2.
 P

ea
ks

 a
cc

ou
nt

in
g 

fo
r 

le
ss

 th
an

 0
.1

%
 o

f 
to

ta
l t

ri
ac

yl
gl

yc
er

ol
s 

w
er

e 
no

t i
nt

eg
ra

te
d 

  b   R
ep

re
se

nt
s 

to
ta

l c
on

te
nt

 o
f 

di
sa

tu
ra

te
d 

tr
ia

cy
lg

ly
ce

ro
ls

  



156 J.J. Salas et al.

 Two HOHS oils were tested to obtain sun fl ower hard stearins (SHS) by fractionation with 
hexane  [  26  ] . These oils were within the possible variation on the content of saturated fatty acids found 
in these sun fl ower mutants. One of the oils, named N17, displayed a stearic acid content of 16.8%, and 
the other, named N20, displayed a stearic acid content of 20% (see Table  13.4 ). These differences in 
the content of stearic acid considerably altered the TAG composition of these oils (see Table  13.3 ), so 
the N20 oil contained amounts of disaturated TAGs that were almost double those in the N17 oil. The 
pattern of the solvent fractionation of these oils was investigated at the laboratory scale and was dem-
onstrated to strongly depend on the fractionation temperature and the ratio oil/solvent (O/S ratio) 

   Table 13.4    Fatty acid composition of high-oleic–high-stearic sun fl ower oils, sun fl ower soft stearins (SSS) obtained by 
dry fractionation, and sun fl ower hard stearins (SHS) obtained by solvent fractionation   

 Fatty acids (%, w/w) a  

 Fraction  16:0  18:0  18:1  18:2  20:0  22:0 

 N17  4.1  16.8  72.0  4.4  1.3  1.6 
 N20  5.4  20.4  66.3  3.3  1.7  2.8 
 SSS1  4.7  22.9  65.0  3.4  1.6  2.4 
 SSS2  4.8  27.1  61.1  2.8  1.8  2.5 
 SHS1  7.1  33.8  52.3  1.8  2.2  2.9 
 SHS2  6.4  39.0  47.7  1.4  2.3  3.1 
 SHS3  5.1  50.1  38.2  0.5  2.6  3.6 
 SHS4  4.3  52.9  36.4  0.4  2.5  3.5 

   a  Trace fatty acids (less than 0.2%) were not integrated. 16:0 palmitic acid; 18:0 stearic acid; 18:1 oleic acid; 18:2 linoleic 
acid; 20:0 arachidic acid  

  Fig. 13.1    Solid fat indexes calculated by differential scanning calorimetry of initial high-oleic–high-stearic oil ( dashed 
line ), soft stearins SSS1 ( dotted line ), and SSS2 ( dashed-dotted line ; see Tables  13.3  and  13.4 ), mango fat ( dark gray 
line ), shea ( gray line ), and cocoa butter ( solid line ). Data corresponding to stearins and initial oil were taken from 
reference  [  19  ]        
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applied. In general, higher proportions of solvent and fractionation temperatures decreased the rate of 
crystallization of this oil, which also depended on its initial content of stearic acid. Thus, the N20 oil 
was fractionated in times ranging 20–40 h, whereas the N17 oil generally required longer 
fractionation times (up to 60 h). Fractionation temperatures and O/S ratios exerted a strong in fl uence 
on the composition of the precipitates or stearins resulting from fractionation. Thus, higher O/S rations 
give way to a higher yield of stearins displaying lower contents of saturated fatty acids. In a similar 
way, lower fractionation temperatures also diminished the speci fi city of fractionation, producing 
higher recoveries of stearin. Furthermore, the composition of the fractions obtained from different oils 
was essentially the same, the only difference being that the yield of stearin was higher when the initial 
amount of disaturated TAGs was also higher. All these studies indicated that increasing the content of 
disaturated TAGs induced lower recoveries of the stearin product and that the composition of the  fi nal 
stearin can be increased or decreased by manipulating the O/S ratio and the fractionation temperature. 
Solvent fractionation induced a much higher enrichment of disaturated TAG species in the stearin 
than dry fractionation, reaching levels up to 85–90% of these TAGs in a single step of fractionation 
(see Table  13.3 ).    

   Chemical Composition of High Melting Point Sun fl ower Stearins 

 The levels of disaturated TAGs species found in hard stearins from HOHS sun fl ower obtained by 
solvent fractionation were at the same level as those found in CB. However, the composition of those 
butters was different than CB. Thus, the levels of palmitic acid in these stearins were lower than those 
typically found in CB. This was caused by the low palmitic/stearic ratio that is found in the HOHS oils 
and by the fact that the TAG POP did not precipitate in the conditions in which the oil fractionation 
took place. The levels of POSt were higher than those of the POP, although they were still far from 
those found in CB. Sun fl ower hard stearins displayed high contents in stearic acid (see Table  13.4 ), 
and their most abundant TAG was StOSt, which ranged from 30% to 63% in the stearins produced 
(see Table  13.3 ), so these fats were similar in composition to tropical butters used for CBE formula-
tion, which are fats or fractions of fats rich in stearic acid, as in the case of shea stearin, which is 
prepared by solvent fractionation from shea butter. Another factor that distinguishes these new hard 
stearins from sun fl ower is the relatively high content of very-long-chain arachidic (20:0) and behenic 
(22:0) fatty acids. These fatty acids are produced by extraplastidial elongation of stearic acid  [  27  ]  and 
are present in common sun fl ower in small amounts (around 1% the sum of both). The content of very-
long-chained fatty acids increased in the HOHS line, reaching levels of between 3% and 5% 
(see Table  13.4 ). These fatty acids have a high melting point, so the TAGs carrying these moieties, 
mainly 1-behenoyl-3-stearoyl-2-oleoyl glycerol (BOSt) and 1-arachidoyl-3-stearoyl-2-oleoyl glyc-
erol (AOSt), tended to crystallize quickly in the conditions of the fractionation, so they are concen-
trated in the resulting stearins to reach levels of 10.5% in the case of BOSt and 8% for AOSt in the 
stearins displaying the higher level of saturated fatty acids (see Table  13.3 ). These high levels of very-
long-chained fatty acids are not present in CB or in the stearins from tropical species like shea or 
mango and could confer to them different properties. Thus, TAGs carrying these fatty acids are used 
to improve the properties of confectionary formulations because they prevent blooming, an effect 
caused by the loss of the template or crystalline form of the fat in chocolates caused by high tempera-
tures  [  28  ] . Blooming typically produces whitish spots that are rejected by consumers. Owing to their 
high melting point, TAGs containing behenic acid act as nuclei for recrystallization and so help to 
keep the appropriate crystalline form of the product ((beta)  b  in the case of chocolate). Moreover, 
owing to their high melting point, these very-long-chained fatty acids presented a low bioavailability 
and are poorly absorbed, especially when they are esteri fi ed top the external  sn -1 and  sn -2 positions 
of the TAGS, as in the case of sun fl ower stearins.  
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   Physical Properties of Sun fl ower Hard Stearins: Melting Curves 
and Compatibility with CB 

 Although the chemical compositions of the stearins yielded by HOHS sun fl ower were different than 
those found in CB, their potential uses as a CB alternative and as confectionary fats were studied by 
analyzing their melting and crystallization pro fi les  [  26  ] . These were carried out by differential scan-
ning calorimetry techniques on samples crystallized to favor the formation of stable (beta) b  and  b  ¢  
crystals. This method involved the continuous integration of the differential scanning calorimetry 
(DSC) melting peaks, which yielded data of the index of solids in function of the time. The melting 
curves of different stearins were compared with CB, which typically displayed a sharp melting inter-
val from 29°C to 40°C. The melting pro fi les of some stearins obtained by solvent fractionation 
are shown in Fig.  13.2 . Stearins with a content of disaturated TAGs lower than 65% of SUS dis-
played melting pro fi les similar to those from soft stearins obtained by dry fractionation, which are not 
appropriate for confectionary fats. Furthermore, stearins between 65% and 75% of disaturated TAGs 
melting curves are similar to CB, although none of them exactly  fi t the line corresponding to that 
curve. Thus, stearins SHS1 and SHS2 displayed lower amounts of solids in the range of lower tem-
peratures (0–30°C) than CB but  fi t the curve of this fat almost exactly in the higher temperature range 
(30–45°C). On the other hand, stearins of the type of SHS3 or SHS4  fi tted better in the region of lower 
temperatures but displayed more solid content at higher temperatures. This effect is caused by the 
different TAG composition of both fats (see Fig.  13.2 ). It was also remarkable that in all cases the 
content of disaturated TAGs of these stearins was lower than that usually found in CB, which was 
caused by the occurrence of TAGs with a higher melting point in these fractions. In this regard, stear-
ins containing up to 80% of disaturated TAGs displayed higher amounts of solids than CB, and similar 
to those corresponding to high melting point stearins used for CBE formulations, like shea butter 
stearins. Thus, CBEs are prepared by blending high   -stearic butters and palm mid  fractions (PMFs) as 

  Fig. 13.2    Solid fat indexes calculated by differential scanning calorimetry of hard stearins SHS1 ( dashed line ), SHS2 
( dotted line ), SHS3 ( dashed-dotted line ), SHS4 ( dashed double dotted line ; see Tables  13.3  and  13.4 ), sun fl ower cocoa 
butter equivalent (50% of SHS4 and 50% palm mid fraction;  gray line ), and cocoa butter ( solid line ). Data correspond-
ing to hard stearins were taken from reference  [  26  ]        
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a source of POP, which can be made up with some of the stearins prepared from HOHS sun fl ower oil 
stearins. In this regard, Fig.  13.2  presented the melting pro fi le corresponding to a blend of 50% PMF 
and 50% of a sun fl ower stearin containing 90% of disaturated TAGs (SHS4) and displaying a melting 
curve similar to CB, making it adequate for confectionary use. In this regard, Timms et al.  [  24  ]  set in 
1980 an empirical rule to determine whether a fat was adequate for confectionary uses, which was that 
the fat should display a value of at least 40% solids at 25°C. This criterion was accomplished by all 
hard stearins having 65% disaturated TAGs or more presented in this work.  

 Confectionary fats, on the other hand, should be compatible in mixtures with CB to be adequate 
for CBE formulation. This means that they should not display any eutectic effect when blended with 
CB, as happens in the case of CBSs and CBRs. The stearin SHS3, which displays a melting pro fi le 
similar to CB, was used to prepare several mixtures with CB, and the amount of solid at different 
temperatures was estimated by DSC techniques. Results in Fig.  13.3  showed the parallel lines typical 
of a compatible blend of fats, with no eutectic effect observed in the whole diagram. So only a slight 
effect of softening (at high temperature) and hardening (at low temperature) took place with a high 
proportion of CB in the blend. This result demonstrated that the stearins produced from HOHS 
sun fl ower are compatible with CB and appropriate for CBE formulations.     

   Summary 

 The main conclusion of the studies on the properties of HOHS sun fl ower oils and fractions is that new 
fats rich in stearic acid can be produced from a reliable source through simple physical methods not 
involving chemical transformations. Depending on the method and conditions of fractionation, it was 
possible to produce soft stearins with melting pro fi les that could be appropriate for  fi llings or bakery 
use, being rich in oleic and stearic acid. This fat would be a stearic-based natural and healthier alterna-
tive to palm oil and fractions. 

  Fig. 13.3    Isothermal diagram obtained from solid fat indexes calculated by differential scanning calorimetry from 
mixtures of cocoa butter and a hard sun fl ower stearin at different temperatures. Data were taken from reference  [  26  ]        
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 Moreover, solvent fractionation of this oil produced a single harder stearin with a high content of 
disaturated TAGs, mainly StOSt, POSt, BOSt, and AOSt, which displayed melting pro fi les similar to 
CB. The quality of the  fi nal stearin can be controlled in function of the fractionation parameters and 
included total amounts of disaturated TAGs ranging from 65% to 91%. All were appropriate for use 
as confectionary fats, and in the case of those containing higher levels of saturated fatty acids, they 
could be used for CBE formulation, just like other hard stearins obtained from tropical species. This 
was con fi rmed by ful fi lling studies of compatibility of these stearins with CB, which resulted in the 
absence of any eutectic in the resulting isothermal diagram. Moreover, the presence of high melting 
point TAGs containing very-long-chained fatty acids could help to prevent blooming in the confec-
tionary products made up with these fractions. Thus, HSHO sun fl ower hard stearins are excellent 
candidates to be a reliable and healthy source of stearate-rich butter for the formulation of CBE and 
confectionary fats in the immediate future.      

   References 

    1.    Gunstone FD, Harwood JL, Dijkstra DJ. The lipid handbook. 3rd ed. Boca Raton: CRC Press; 2007.  
    2.      Shukla VKS. Cocoa butter properties and quality. Lipid Technol. 1995;5:54–57.  
    3.    Knapp AW. Cocoa and chocolate: their history from plantation to consumer. White fi sh: Kessinger Publishing LLC; 

2007.  
    4.    Cooper KA, Donovan JL, Waterhouse AL, Williamson G. Cocoa and health: a decade of research. Br J Nutr. 

2008;99:1–11.  
    5.    Steinberg FM, Bearden MM, Keen CL. Cocoa and chocolate  fl avonoids: implications for cardiovascular health. 

J Am Diet Assoc. 2003;103:215–23.  
    6.    Weisburger JH. Chemopreventive effects of cocoa polyphenols on chronic diseases. Exp Biol Med. 

2001;226:891–7.  
    7.    Savage CM, Dimick PS. In fl uence of phospholipids during crystallization of hard and soft cocoa butters. Proc Penn 

Manuf Confect Assoc. 1994;49:54–9.  
    8.    Arruda DH, Dimick PS. Phospholipid composition of lipid seed crystal isolates from Ivory Coast cocoa butter. J Am 

Oil Chem Soc. 1991;68:385–90.  
    9.    Toro-Vazquez JF, Rangel-Vargas E, Dibildox-Alvarado E, Charó-Alonso MA. Crystallization of cocoa butter with 

and without polar lipids evaluated by rheometry, calorimetry and polarized light microscopy. Eur J Lipid Sci 
Technol. 2005;107:641–55.  

    10.    Smith KW. Cocoa butter and cocoa butter equivalents. In: Gunstone FD, editor. Structured and modi fi ed lipids. 
New York: Marcel Dekker; 2001. p. 401–22.  

    11.    Pease JJ. Confectionery fats from palm oil and lauric oil. JAOCS. 1985;62:426–30.  
    12.    Katan MB, Zock PL, Mensink RP. Dietary oils, serum lipoproteins, and coronary heart disease. Am J Clin Nutr. 

1995;61:1368S–73.  
    13.    Ascherio A, Willett WC. Health effects of  trans  fatty acids. Am J Clin Nutr. 1997;66:1006S–10.  
    14.    Hazebroek JP. Analysis of genetically modi fi ed oils. Prog Lipid Res. 2000;39:477–506.  
    15.    Fernández-Moya V, Martínez-Force E, Garcés R. Oils from improved high stearic acid sun fl ower seeds. JAOCS. 

2005;53:5326–30.  
    16.    Gibon V. Fractionation of lipids for use in food. In: Gunstone FD, editor. Modifying lipids for use in food. Boca 

Raton: CRC Press; 2006. p. 201–33.  
    17.    Deffense E. Dry multiple fractionation: trends in products and applications. Lipid Tech. 1995;7:34–8.  
    18.    Timms RE. Fractionation. In: Gunstone FD, editor. Lipid technologies and applications. New York: Marcel 

Dekker; 1997. p. 199–222.  
    19.      Bootello MA, Garcés R, Martínez-Force E, Salas JJ. Dry fractionation and crystallization kinetics of high-oleic 

high-stearic sun fl ower oil. JAOCS.2011;88:1511–9      .  
    20.    Zwietering MH, Jongenburger I, Rombouts FM, van’t Riet K. Modeling of the bacterial growth curve. Appl 

Environ Microbiol. 1990;1990(56):1875–81.  
    21.    Chong CL. Crystallization of palm oil products. In: Widlak N, Hartel RW, Narine S, editors. Crystallization and 

solidi fi cation properties of lipids. Champaign: AOCS; 2001. p. 53–78.  
    22.    Metin S, Hartel RW. Crystallization of fats and oils. In: Shahidi F, editor. Bailey’s industrial oil and fat products, 

vol. 6. 6th ed. London: Wiley; 2005.  
    23.    Sato K. Crystallization behavior of fats and lipids—a review. Chem Eng Sci. 2001;56:2255–65.  

http://dx.doi.org/10.1007/s11746-011-1827-7


16113 Comparing Sunflower Stearins with Cocoa Butter

    24.    Timms RE. The phase behaviour and polymorphism of milk fat, milk fat fractions and fully hardened milk fat. Aust 
J Dairy Technol. 1980;35:47–53.  

    25.    Talbot G. Fats for confectionery coatings and  fi llings. In: Talbot G, editor. Science and technology of enrobed and 
 fi lled chocolate, confectionery and bakery products. Boca Raton: CRC Press; 2009.  

    26.    Salas JJ, Bootello MA, Martínez-Force E, Garcés R. Production of stearate-rich butters by solvent fractionation of 
high stearic–high oleic sun fl ower oil. Food Chem. 2011;124:450–8.  

    27.    Salas JJ, Martínez-Force E, Garcés R. Very long chain fatty acid synthesis in sun fl ower kernels. J Agric Food 
Chem. 2005;53:2710–6.  

    28.    Tietz RA, Hartel RW. Effect of minor lipids on crystallization of milk fat—cocoa butter blends and bloom forma-
tion in chocolate. JAOCS. 2000;77:763–71.    



163R.R. Watson et al. (eds.), Chocolate in Health and Nutrition, Nutrition and Health 7,
DOI 10.1007/978-1-61779-803-0_14, © Springer Science+Business Media, LLC 2013

    L.   Melo ,  Ph.D.     (*)       
  Department of Biochemical Engineering, School of Chemistry, Federal University of Rio de Janeiro Av. Athos da 
Silveira Ramos, 149 - Bloco E - Sala E203 - Centro de Tecnologia, Cidade Universitária, Ilha do Fundão, CEP 
21941-909, Rio de Janeiro, RJ,  Brazil          
 e-mail:  lauro@eq.ufrj.br    

    H.  M.  A.   Bolini ,  Ph.D.    
     Department of Food and Nutrition, School of Food Engineering , 
 State University of Campinas ,   CP 6121 ,  Campinas ,  SP   13083-862 ,  Brazil  
 e-mail:  hellini@fea.unicamp.br    

    P.   Efraim ,  Ph.D. in Food Technology      
   Department of Food Technology ,  School of Food Engineering, State University of Campinas ,
  Rua Monteiro Lobato, nº 80, Cidade Universitária, Campinas, SP, CEP 13035-388, Brazil          
 e-mail:  efraim@fea.unicamp.br    

    Keywords   Sensory evaluation  •  High-intensity sweeteners  •  Fat replacer  •  Time intensity  •  QDA  
•  Consumer testing    

    Introduction 

 There is an increased interest in low-calorie foods and beverages  [  1  ] . Food cravings are extremely 
common, particularly among women. Cravings are frequently reported for speci fi c types of foods, 
including chocolate and foods high in both sugar and fat. Cravings for speci fi c macronutrients, such 
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as carbohydrate, have been postulated to result from a physiological need to alter neurotransmitters in 
such states as eating disorders, affective disorders, or obesity  [  2  ] . Among women, the consumption of 
high-fat sweet products may be a factor in understanding obesity. Furthermore, the observation of 
high consumption of these foods among obese women is consistent with measured preferences for 
these high-fat sweet foods  [  3  ] . However, larger portion sizes of foods that are low in fat and commer-
cial energy-dense foods and beverages could be important factors in maintaining a high energy intake, 
causing overconsumption and enhancing the prevalence of obesity in the population. In light of this 
development, portion size ought to take central place in dietary guidelines and public campaigns  [  4  ] . 

 Chocolate is known as a food that promotes well-being and sensory pleasure. Chocolate cravings 
have not yet been scienti fi cally con fi rmed, but it is commonly reported for women  [  5  ] . Chocolate, 
despite being a food enjoyed by people of varied ages and countries, in general, contains high levels 
of fats, especially cocoa butter, and carbohydrates, mainly sucrose. High levels of these nutrients 
contribute with the high caloric content of the chocolates. 

 Alternatives to sucrose serve a number of purposes. They are used to expand food and beverage 
choices for those who must or who want to control caloric, carbohydrate, or sugar intake, assist con-
trol of dental caries, enhance the usability of pharmaceuticals and cosmetics, provide sweetness when 
sugar is not available, and assist the cost-effective use of limited resources. It is important that the use 
of intense sweeteners instead of sucrose does not cause signi fi cant changes in the sensory character-
istics of the product  [  6  ] . 

 For instance, the salivary habituation may be affected more by the sensory characteristics of the 
food than by the differences in calorie intake  [  7  ] . The women’s accurate perception of the sugar con-
tent of the chocolate puddings played a primary role in determining their hedonic and other perceptual 
responses  [  8  ] . Sugar and fat have an effect on the texture, mouthfeel, and  fl avor of milk chocolate  [  9  ] . 
Chocolate sensory attributes, a characteristic  fl avor, and a unique mouthfeel (attributable to a narrow 
melting range near body temperature) are extremely appealing  [  10  ] . 

 Among several options of high-intensity sweeteners, stevioside is an example of a natural sweetener 
and sucralose, an arti fi cial one. Stevioside is a natural high-intensity sweetener extracted from the leaves 
of the plant  Stevia rebaudiana  (Bert.) Bertoni, which is indigenous to Paraguay. The leaves contain a 
complex mixture of sweet diterpene glycosides, including stevioside, steviolbioside, rebaudiosides A, B, 
C, D, E, and dulcoside A. The sweetness of “pure” stevioside (about 90%) is quoted as about 300 times 
that of sugar  [  11  ] .    Sucralose is produced from ordinary table sugar, sucrose, by a process involving 
selective chlorination at the 4, 1 ¢ , and 6 ¢  positions of the sugar molecule. Sucralose offers a unique com-
bination of features, including a clean, sweet taste and no undesirable off- fl avors. It is a versatile ingredi-
ent, very stable under the processing and storage conditions used for food products, and it does not 
present any problem of interaction with other food components. It is odorless, with an intense sweet taste 
approximately 600 times that of sugar (compared with a 5% sugar solution)  [  12  ] . 

 Another important group of sucrose substitutes is the bulking agents, such as polydextrose, lactitol, 
and maltitol, among others. Polydextrose is made up from glucose and sorbitol and also contains minor 
residues of citric acid. It has a clean, mildly sweet  fl avor and can be used in chocolate when combined 
with other bulk sweeteners – for example, lactitol and an intense sweetener  [  13  ] . The FDA has recognized 
that polydextrose contains less than 1 Kcal/g, compared with sucrose and other carbohydrates that contain 
4 Kcal/g  [  14  ] . One example of a polyalcohol used for diet chocolates is lactitol, which is obtained by the 
hydrogenation of lactose. It has a sweetening power of about 40% of that of sucrose and a caloric value 
of 2.0–2.4 Kcal/g, depending on the speci fi c legislation of each country or union of countries  [  13  ] . 

 In addition, it is important to study sweeteners in each food that they could be used in because their 
sweetness potencies depend on the dispersion matrix where they are inserted. If sucrose in cocoa-
containing or any other foodstuff is to be partially or completely replaced by other types of sugar or 
by sugar substitutes, theoretical models are at present unable to predict the sweetness of the product. 
These will only provide rough guidelines, and it is always necessary to carry out sensory evaluations 
on actual samples of the product. In order to obtain the best results, the formulations will normally 
need adapting, and a series of samples should be manufactured  [  15  ] . Despite high lipid and sugar 
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contents, chocolate consumption makes a positive contribution to human nutrition through provision 
of antioxidants, principally polyphenols including  fl avonoids such as epicatechin, catechin, and nota-
bly the procyanidin  [  16  ] .  

   Assessing High-Intensity Sweeteners Equivalence in Milk Chocolates 

 In the case of chocolate, it is not just the quality of the ingredients (whether determined by location of 
origin or some other means), but the proportions in which they are mixed and the ways in which they 
are processed, that determine quality  [  17  ] . 

 Perception of aroma, taste,  fl avor, and texture in foods is a dynamic, not static, phenomenon. In 
other words, the perceived intensity of the sensory attributes changes during the consumption of a 
food since start until extinction. In particular to chocolate, the time evolution of the perceived  fl avor 
and texture occurs during fat melting and sugar dissolution  [  18  ] . It is widely believed that the con-
sumer acceptability of different high-intensity sweeteners depends on the similarity of their time 
pro fi le to that of sucrose  [  19  ] . Single-point sensory response measurement techniques such as magni-
tude estimation and category scaling only contain a limited amount of information. Time-intensity 
(T-I) data collection techniques provide much more information, addressing rate-related and duration 
aspects as well as intensity quanti fi cation  [  20  ] . Thus, time-intensity method scaling has increased in 
popularity as an applied sensory evaluation method  [  21  ] . Time-intensity data may also better approxi-
mate conditions of consumption and be more suitable for examining the functionality of these sweet-
eners  [  22  ] . Thus, the potency of the sweeteners could be predicted from the temporal pro fi les of 
several concentrations of both test and reference sweeteners  [  23  ] . 

 With all this in mind, Melo et al.,  [  24  ]  using a trained panel, determined equisweetness of the high-
intensity sweeteners sucralose and stevioside in diabetic milk chocolates, as sensorially near to the 
conventional product as possible, mainly with respect to temporal pro fi le. Initially, following the con-
cept that sweetness acceptance is the limiting factor for acceptability of chocolate,  [  25  ]  consumer 
testing was applied to determine which sample of conventional chocolates – varying sucrose concen-
tration – was the most accepted. Figure  14.1  shows the results of the hedonic rating for  fi ve different 

  Fig. 14.1    Acceptance of each milk chocolate formulation (F 
4,116

  value: 3.64; p value: 0.0079). Same letters indicate that 
there is no signi fi cant difference (p < 0.05) (Reprinted from De Melo LLMM, Bolini HMA, Efraim P. Equisweet milk 
chocolates with intense sweeteners using time-intensity method. J Food Qual. 2007;30(6):1056–67. With permission 
from John Wiley and Sons)       
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formulations with sucrose. Formulation B (43% of sucrose) had the best acceptance mean for Brazilian 
consumers; however, it was not statistically different (p > 0.05) from those of formulations A and C. 
Also, formulation B was signi fi cantly different (p < 0.05) from formulations D and E, whereas formu-
lations A and C were not. Besides, formulation B was the sample that received the biggest percentage 
of positive purchase intent (63.3% of “de fi nitely would buy” and “probably would buy” answers). 
Therefore, the formulation B (43% sucrose milk chocolate) was considered the chocolate with ideal 
sweetness, and diabetic chocolates with sucralose and stevioside were produced aiming for the same 
T-I sweetness pro fi le.  

 Table  14.1  shows parameters of T-I curves (Fig.  14.2 ) for conventional and diabetic milk choco-
lates (sucralose and stevioside concentrations that presented best results). Diabetic milk chocolate 
sweetened with sucralose was not statistically different (p > 0.05) from the standard (formulation B) 
for all parameters of curves: maximum intensity (Imax), time to maximum intensity (T-Imax), area 
under the curve (Area), and total time of stimuli duration (Ttot). The formulation with sucralose that 
matched formulation B’s sweetness was produced considering sucralose 700 times sweeter than 
sucrose. Chocolate with stevioside presented two parameters of T-I curves not statistically different 

  Fig. 14.2    Time-intensity sweetness curves of milk chocolates formulated with different sweeteners (sucrose, sucralose, 
and stevioside) in equisweet equivalence (Reprinted from De Melo LLMM, Bolini HMA, Efraim P. Equisweet milk 
chocolates with intense sweeteners using time-intensity method. J Food Qual. 2007;30(6):1056–67. With permission 
from John Wiley and Sons)       

 Chocolate  Imax  T-Imax  Area  Ttot 

 Sucrose  5.86 a   17.23 a   104.91 a   32.26 a  
 Sucralose  5.68 a   17.82 a   110.07 a   35.16 a  
 Stevioside  4.36 b   17.49 a   80.65 b   31.54 a  
 F 

2,66
  value  6.04  0.17  4.72  1.58 

 p value  0.009  0.8417  0.021  0.230 

   Imax  maximum intensity,  T-Imax  time to maximum intensity,  Area  area under 
the curve,  Ttot  total time of stimuli duration 
 Note: Same letters in a column indicate that there is no signi fi cant difference 
(p < 0.05)  

   Table 14.1    Means for 
parameters of T-I curves 
(Reprinted from De Melo 
LLMM, Bolini HMA, Efraim 
P. Equisweet milk chocolates 
with intense sweeteners using 
time-intensity method. J Food 
Qual. 2007;30(6):1056–67. 
With permission from John 
Wiley and Sons)   
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(p > 0.05) from the formulation with sucrose (ideal sweetness) – T-Imax and Ttot – although Ttot 
tended to be longer for the chocolate with stevioside (p = 0.0528). To achieve these results, stevioside 
was considered to be 200 times sweeter than sucrose. Results showed that it was possible to produce 
milk chocolates with sucrose and sucralose very similar between each other with regards to temporal 
sweetness pro fi le. Chocolates produced with stevioside presented pro fi le not so similar (statistically 
different in Imax and Area). However, the formulation with stevioside was considered equisweet to 
the one with sucrose because an additional stevioside concentration increase would probably increase 
bitter aftertaste, as bitterness is a stevioside characteristic frequently reported in literature. A new 
alternative has been tested to solve the undesirable aftertaste, with the use of another molecule of the 
plant  Stevia Rebaudiana  (Bert.) Bertoni, the rebaudioside.   

 However, it was important to con fi rm these results by evaluating acceptance (with consumers) and 
sensory pro fi le (with trained panel) of the diabetic milk chocolates and by checking if they are similar 
to the acceptability and sensory pro fi le of the product with sucrose.  

   Sensory Pro fi le and Acceptability for Diabetic 
and Reduced-Calorie Milk Chocolates 

 A very effective way of comparing conventional food is to perform sensory evaluations, such as 
descriptive analysis and consumer affective testing. Descriptive techniques are frequently used in 
product development to measure how close a new introduction is to the target or to assess suitability 
of prototype products. In consumer sensory analysis, the investigator is interested in whether the con-
sumer likes the product, prefers it to another product, or  fi nds the product acceptable based on its 
sensory characteristics  [  19  ] . 

 Sensory properties are some of the most important factors on consumer liking and preference; thus, 
it is very important to determine factors affecting the product attributes, acceptance, and preference, 
especially for foods and drinks  [  26  ] . Understanding what sensory properties drive consumer liking is 
critical for maximum market share  [  27  ] . Consumers would not be interested in consuming a func-
tional beverage if the ingredients caused noticeable off- fl avors that consumers found unpleasant, 
despite the added health advantages  [  28  ] . However, con fl icting research does exist. A study performed 
with elderly consumers demonstrated that sensory appeal was less important than health perception 
and fat content, with regard to the purchase intent of fat-modi fi ed foods. Although high-intensity 
sweeteners are essentially calorie-free, some of these sweeteners impart undesirable  fl avors and after-
tastes, such as bitterness, that can limit their applications in foods and beverages  [  29  ] . 

 During the rush of publicity of the new nutritional recommendations in the early 1980s, the  fi rst 
strategy to evolve was simply to remove fat from standard products, such as milk or meat, without any 
attempt to address the organoleptic changes resulting from the reduction in fat. Such a strategy is not 
feasible for most other food products (as milk chocolate) because physical stability, functional proper-
ties, and microbiological stability may be adversely affected. 

 Considering this challenge, Melo et al.  [  30  ]  investigated the in fl uence of sucrose and fat replace-
ment and the correlation between consumer testing results and descriptive sensory data. The major 
challenge in the development of reduced-fat foods is to achieve fat reduction while matching as closely 
as possible the  fl avor and mouthfeel of traditional full-fat products  [  31  ] . Whey protein-based fat 
replacers can mimic fat in terms of texture and  fl avor retention  [  32  ] . Conventional milk chocolate was 
compared with lab-developed prototypes of diabetic and diabetic/reduced calorie chocolates as well 
as with a diabetic but not reduced-calorie commercial product (see Table  14.2 , for details on samples’ 
formulations).  

 The lab-developed prototype of conventional milk chocolate was prepared with sucrose (Sucro). 
Diabetic prototypes were prepared substituting sucrose with high-intensity sweeteners, sucralose 
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(Sucra) or stevioside (Ste), and a polydextrose/lactitol (60/40) blend as a bulking agent. Polydextrose 
(a fermentable nonstarch polysaccharide  fi ber) and lactitol (a digestible, fermentable hydrogenated 
disaccharide sugar alcohol) are synthetic low-digestible carbohydrates  [  33  ]  and are usually well toler-
ated but may also have some dose-related undesirable effects owing to their natural osmotic potential 
and/or excessive fermentation  [  34  ] . In practice, the bulking agent must have no negative physical, 
chemical, sensory, or economical impact on the product – in other words, it should be tasteless, inert, 
and inexpensive  [  35  ] . Polydextrose has been reported as a good option as bulking agent to improve 
the overall acceptability of low-sugar milk chocolates  [  36  ] . Low doses of lactitol can bene fi cially 
affect the fecal  fl ora without eliciting gross symptoms of intolerance, and lactitol can be classi fi ed as 
a prebiotic  [  37  ] . 

 Both conventional (Sucro) and diabetic (Sucra and Ste) chocolates were formulated to be equi-
sweet at the most acceptable sweetness intensity as determined by the time-intensity methodology. 
Diabetic/reduced-calorie milk chocolates were prepared through substitution of sucrose in the same 
way as diabetic chocolates but with partial replacement of cocoa butter with whey protein concen-
trate (WPC) in order to reduce the calorie content by 25% (Sucra/WPC and Ste/WPC). In theory, 
reduced-fat products can be highly acceptable, and nutritionally modi fi ed food products with good 
initial acceptance may largely retain their high acceptance under conditions of repeated use over 
time  [  38  ] . A sucrose-free milk chocolate bar formulated with Stevia as a sweetening agent and inulin 
and polydextrose as bulking agents was successfully developed, but the use of whey proteins for 
partial fat replacement in sucrose-free chocolate resulted in unacceptable rheological and sensory 
properties  [  39  ] . 

 About 500 volatile compounds have been detected in cocoa, and each may react differently with 
milk fat and fat replacers  [  40  ] . Therefore, a concern with replacing fat with WPC was that an undesir-
able increase in powdered milk  fl avors characteristic of milk chocolate could result. In addition, 
replacing the sugar with various combinations of sugar substitutes in order to produce low-sugar 
chocolate may have any in fl uence on the rheological properties  [  41  ] . Milk ingredients in fl uence con-
sumer liking of milk chocolate through the quality-driving parameters of particle size/sandiness, vis-
cosity/melting, mouthfeel, and milk  fl avor  [  42  ] . In addition, texture was more important than  fl avor in 
determining overall acceptability of the low-fat foods  [  43  ] . 

   Table 14.2    Formulations of diabetic and reduced-calorie milk chocolates (Reprinted from Melo LLMM, Bolini HMA, 
Efraim P. Sensory pro fi le, acceptability, and their relationship for diabetic/reduced calorie chocolates. Food Qual Prefer. 
2009;20/2:138–43. Copyright 2009, with permission from Elsevier)   

 Ingredient (%) 

 Sample 

 Conventional  Diabetic  Diabetic/reduced calorie 

 Sucro  Sucra  Ste  Sucra/WPC  Ste/WPC 

 Sucrose  43  –  –  –  – 
 Sucralose  –  0.061  –  0.061  – 
 Stevioside  –  –  0.22  –  0.22 
 Polydextrose a   –  25.8  25.8  25.8  25.8 
 Lactitol a   –  17.2  17.2  17.2  17.2 
 Cocoa mass  14  14  14  14  14 
 Cocoa butter  21.4  21.4  21.4  15.8  15.8 
 WPC b   –  –  –  5.6  5.6 
 Powdered milk  12  12  12  12  12 
 Skim powdered milk  9  9  9  9  9 
 Soy lecithin  0.5  0.5  0.5  0.5  0.5 
 Vanilla  fl avor  0.1  0.1  0.1  0.1  0.1 

   a Bulking agents 
  b Whey protein concentrate (partial fat replacer)  
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 Preference mapping is a sensory tool to accomplish integration between consumer reactions and 
descriptive data  [  44  ] . By relating consumer data with descriptive data, the researcher can discover the 
relationships between product attributes and the ultimate bottom line, consumer acceptance  [  45  ] . One 
of the more recent topics in product research is the notion of “drivers of liking” or the nature of sen-
sory features that drive acceptance  [  46  ] . 

 As main results, Melo et al.  [  30  ]  found a perceptible difference between conventional milk choco-
late and their diabetic/reduced-calorie counterparts (Fig.  14.3 ). On an overall basis, consumers pre-
ferred the sensory characteristics of conventional chocolate to their alternative counterparts when 
tasted without product information such as health bene fi ts. This result could only be attributed to the 
sensory attributes associated with the alternative chocolate options since no information was provided 
to in fl uence preference. The crucial attributes that determined consumer acceptability in the chocolate 
samples were sweet aroma, melting rate, and sweetness, whereas bitterness, bitter aftertaste, adher-
ence, and sandiness were drivers of disliking. Therefore, the sucrose substitution by high-intensity 
sweeteners, sucralose and stevioside, in conjunction with bulking agents and partial fat replacement 
by WPC, have potential as a palatable food in the formulation of diabetic/reduced-calorie milk choco-
lates. The major problems remain the increase in bitterness and bitter aftertaste (due to high-intensity 
sweeteners), increase in hardness, sandiness, and adherence, and decrease in melting rate (due to 
bulking agents and partial fat replacement).  

 An investigation on similarities and differences in sensory properties of control chocolate chip 
cookies and cookies made with two levels of selected protein, lipid, and carbohydrate-based fat replac-
ers showed that carbohydrate-based fat replacers produced cookies with greater textural differences 
from the control than the protein or lipid-based replacers  [  47  ] . The physical properties of powdered 
cocoa drink mixtures prepared from two cocoa powders with various fat contents and different sweet-
eners, as well as the bioactive content and sensory properties of cocoa drinks prepared from them, 
were investigated, and results of the sensory evaluation showed that there was a preference for the 
cocoa drinks made with sweeteners (aspartame/acesulfame K and stevia extract), and there was a 
signi fi cant difference in the sensory attributes between the experimental mixtures and the control. The 
displayed results indicate the signi fi cant potential of using alternative sweeteners for the preparation 
of cocoa drink mixtures, which may provide good physical and sensory properties and also enhance 
the already existing bene fi cial effects of cocoa  [  48  ] . 

 In order to avoid possible problems in relating descriptive data from trained panels with affective 
responses from consumers, a study suggested the application of “check-all-that-apply” (CATA) ques-
tion to understand how consumers perceive chocolate milk desserts with different sugar and cocoa 
concentration and suggested that this methodology was able to detect differences in consumer percep-
tion of the desserts  [  49  ] .  

   Storage Time of Diabetic and Reduced-Calorie Milk Chocolates 

 Some microbiologically stable food products, such as chocolate, must have their shelf lives deter-
mined by sensory analyses because, in many cases, sensory changes occur before microbiological 
changes. In such cases, the quality of food stored might not be acceptable after a period of time  [  50  ] . 

 Little information is available on the sensory evaluation of chocolates, and few studies have been 
published on the effect of storage time on the sensory quality of alternative chocolates, such as diabetic 
and reduced-calorie chocolates made with sucralose or stevioside as high-intensity sweeteners, poly-
dextrose/lactitol as bulking agent, and WPC as partial fat replacer. This is very important, especially 
for growing markets that need these products, such as diabetic people and people under reduced- 
calorie treatment diets. The effect of storage time (at 20°C) on the sensory characteristics of conven-
tional, diabetic, and reduced-calorie chocolates was studied by Melo et al.  [  50  ]  using sensory 
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  Fig. 14.3    ( a ) Relation of acceptance (overall liking, OAL, with consumers) to descriptive data (with trained panel), and 
( b ) the positions of chocolate samples, using PLS regression. Abbreviations:  Adh  adherence,  Baf  bitter aftertaste,  Bit  
bitterness,  BrC  brown color,  CBA  cocoa butter aroma,  CoA  cocoa aroma,  CoF  cocoa  fl avor,  Glo  gloss,  Har  hardness, 
 MeR  melting rate,  PMA  powdered milk aroma,  PMF  powdered milk  fl avor,  Saf  sweet aftertaste,  San  sandiness,  SwA  
sweet aroma,  Swe  sweetness (Reprinted from Melo LLMM, Bolini HMA, Efraim P. Sensory pro fi le, acceptability, and 
their relationship for diabetic/reduced calorie chocolates. Food Qual Prefer. 2009;20(2):138–43. Copyright 2009, with 
permission from Elsevier)       
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evaluation through descriptive analysis and acceptability testing (Fig.  14.4 ). All milk chocolates 
retained acceptable quality characteristics after 9 months of storage (20°C). Although the diabetic and 
reduced-calorie chocolates with sucralose and stevioside (high-intensity sweeteners), polydextrose 
and lactitol (bulking agents), and WPC (fat replacer) presented some sensory property changes, these 
changes were not enough to interfere in the acceptability among consumers for a long storage period, 
driving decisions on production and storage of diabetic and reduced-calorie chocolates.  

 The effects of 18°C and 30°C storage temperatures on texture, polymorphic structure, bloom for-
mation, and sensory attributes of dark chocolate stored for 8 weeks were studied, and the sensory 
evaluation indicated that storage at 18°C was better than 30°C  [  51  ] , and temperature  fl uctuations dur-
ing storage had more in fl uence on texture perception than storage at high temperatures or high relative 
humidity  [  52  ] . Storage time of dietary chocolates up to 1 year had statistically highly signi fi cant 
(p < 0.01) effects on the sensory attributes of chocolate, as well as on instrumentally measured color 
parameters  [  53  ] .  

   Expectations and Acceptability of Diabetic and Reduced-Calorie 
Milk Chocolates Among Nondiabetics and Diabetics 

 Despite the importance of all previous results, optimal sensory quality, on its own, will not guarantee 
success. Consumer perception about the safety, cost, and risk/bene fi ts associated with novel technolo-
gies can negatively in fl uence consumer choice and purchase decisions. Industry should utilize the 
predictive power of conjoint analysis for the design of new food products, and this consumer-based, 
predictive research should be followed up with validity testing in test markets that mimic the con-
sumer segments used in generating the conjoint predictions  [  54  ] . An optimized product formulation 
is necessary for a successful innovation; however, consumers are also in fl uenced by extrinsic product 
information such as brand, price, or labeling. Understanding the relative importance of 
product attributes in fl uencing food choice at the point of sale is important to the success of new prod-
uct development  [  55  ] . 

 Conjoint analysis is extensively used in marketing research to evaluate industrial products and 
services and is being increasingly used in the study of food choices by consumers  [  56  ] . It examines 
trade-offs consumers make at point of purchase to determine what features are most valued, allowing 
the researcher to evaluate the effectiveness of different communications, and the ways in which they 
interact and affect the consumers  [  57  ] . Marketing researchers have made considerable use of conjoint 
analysis to estimate the impact of selected product or service characteristics on consumer preference 
 [  58  ] . Conjoint measurement comprises a set of approaches, whereby concepts are created by experi-
mental design, reacted to by consumers, with the reactions then being traced to the presence/absence 
of speci fi c concept elements. The stimuli or the raw material for a conjoint measurement study com-
prises single, stand-alone elements. These elements of phrases are combined with other phrases to 
form a concept  [  59  ] , enabling a number of products to be compared and ranked based on their attri-
butes  [  60–  62  ] . For example, the developer might decide to incorporate certain ingredients with known 
health bene fi ts or create the product under a speci fi ed brand name  [  63  ] . 

 Foods with low-calorie or reduced-calorie sweeteners can have fewer calories than foods made 
with sugar and other caloric sweeteners. Such foods can also be appealing and healthful for weight 
loss or weight maintenance for nondiabetic consumers. These products often also have less carbohy-
drate, which can be helpful in managing blood glucose levels for diabetic consumers. If sucrose in 
cocoa-containing foods is to be partially or completely replaced by other types of sugar or by sugar 
substitutes, theoretical models are at present unable to predict acceptance  [  15  ] . Melo et al.  [  64  ]  com-
pared attitudes and acceptance between two groups of consumers in the United States, diabetics and 
nondiabetics, of sugar and calorie reductions in a widely accepted product: milk chocolate. Conjoint 
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  Fig. 14.4    Principal component analysis (PCA) loading ( a ) descriptors and ( b ) chocolate samples during storage time 
(number into the circlus: 0, 3, 6, and 9 months). Abbreviation:  Com  diabetic commercial sample (Reprinted from Melo 
LLMM, Bolini HMA, Efraim P. Storage time study of sugar-free and reduced calorie milk chocolates. J Food Qual. 
2009;32(5):577–89. With permission from John Wiley and Sons)       

 



17314 Low-Calorie Chocolates and Acceptability/Sensory Properties

analysis was used to determine which levels of sugar claim, sweetener type, and calorie reduction in 
chocolate were more important for nondiabetic and diabetic consumers. Additionally, acceptance of 
actual laboratory-developed chocolates was evaluated among these two groups of consumers to deter-
mine if actual products matched consumer expectations. 

 Nondiabetics and diabetics had different expectations regarding sugar claim, sweetener type, and 
calorie reduction (Table  14.3 ), which were likely due to their different nutritional necessities. In addi-
tion, consumer testing showed different acceptance means for conventional, diabetic, and reduced-
calorie milk chocolates among nondiabetics, diabetics, and between them (Table  14.4 ). A natural 
sweetener was appealing to both consumer groups but did not meet consumer expectations of either 

   Table 14.4    Acceptance means for chocolates with different sweeteners among nondiabetic and diabetic consumers 
(Reprinted from Melo L, Childs JL, Drake M, Bolini HMA, Efraim P. Expectations and acceptability of diabetic and 
reduce-calorie milk chocolates among nondiabetics and diabetics in the USA. J Sensory Stud. 2010;25:133–52. With 
permission from John Wiley and Sons)   

 Samples  Consumer 

 Attribute 

 Overall 
liking  Appearance  Aroma  Flavor  Texture 

 Sucro  Nondiabetic  5.3 A   6.5 AB   6.0 AB   5.3 A   5.6 A  
 Diabetic  –  –  –  –  – 

 Sucra  Nondiabetic  5.0A Bb   6.5 Aa   6.0 Ab   5.3 Ab   5.1 Bb  
 Diabetic  6.3 Aa   6.9 Aa   6.6 Aa   6.3 Aa   6.4 Aa  

 Ste  Nondiabetic  3.5 Cb   6.3 ABb   5.4 Ca   3.4 Cb   3.9 Cb  
 Diabetic  4.9 Ba   6.2 Ba   5.9 BCa   4.8 Ba   5.3 Ba  

 Sucra/WPC  Nondiabetic  4.9 ABb   6.2 Ba   6.0 ABa   5.0 ABb   4.2 Cb  
 Diabetic  5.8 Aa   6.8 Aa   6.3 ABa   5.8 Aa   5.6 Ba  

 Ste/WPC  Nondiabetic  4.0 Cb   6.3 ABa   5.6 BCa   3.7 Cb   4.1 Cb  
 Diabetic  4.7 Ba   6.3 Ba   5.8 Ca   4.9 Ba   5.1 Ba  

 Com  Nondiabetic  4.7 Bb   6.4 ABa   5.8 ABCb   4.6 Bb   5.6 Aa  
 Diabetic  6.1 Aa   6.7 Aa   6.4 Aa   5.9 Aa   6.3 Aa  

  Note: Means in column and within a consumer group (nondiabetic or diabetic) followed by different capital letters are 
different (p < 0.05). Means in a column and within a sample followed by different lowercase letters are different 
(p < 0.05) across consumer groups (nondiabetics and diabetics)  

   Table 14.3    Relative importance and average zero-centered utility scores for conjoint analysis levels among diabetic 
and nondiabetics for milk chocolates (Reprinted from Melo L, Childs JL, Drake M, Bolini HMA, Efraim P. Expectations 
and acceptability of diabetic and reduce-calorie milk chocolates among nondiabetics and diabetics in the USA. J Sensory 
Stud. 2010;25:133–152. With permission from John Wiley and Sons)   

 Attribute 

 Relative importance (%)  Average zero-centered utility scores 

 Diabetics 
(N = 68) 

 Nondiabetics 
(N = 103)  p values  Level 

 Diabetics 
(N = 68) 

 Diabetics 
(N = 68) 

 Sugar claim  34.6  28.7  0.048  Absence of sugar claim  −1.57 c   −0.24 c  
 Reduced sugar  0.58 a   0.88 a  
 Sugar-free  0.88 a   0.19 b  
 Diabetic  0.13 b   −0.83 d  

 Sweetener type  43.7  46.9  0.40  Arti fi cial  −1.92 c   −2.50 c  
 Natural  2.06 a   2.75 a  
 Combination  −0.15 b   −0.25 b  

 Calorie reduction  21.7  24.4  0.35  0%  −1.19 c   −1.50 c  
 20%  0.40 b   0.61 b  
 25%  0.79 a   0.89 a  

  Note: Same letters in a column and within an attribute indicate that there is no signi fi cant difference (p < 0.05)  
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group when tasted in chocolates. Conventional, diabetic chocolate made with sucralose (Sucra) and 
diabetic/reduced-calorie chocolate made with sucralose and WPC (Sucra/WPC) were the most 
accepted among nondiabetics, as were Sucra and Sucra/WPC chocolates among nondiabetics, who 
did not evaluate the conventional sample due to its sucrose content. Diabetic consumers were more 
accepting than nondiabetic consumers of diabetic and diabetic/reduced-calorie milk chocolates.   

 Alternative products must be developed and labeled according to the speci fi c consumer groups 
they are intended to address. Future studies should also evaluate consumer acceptance of products 
with and without nutritional information (sugar claim, sweetener type, and calorie reduction) since 
this information may in fl uence acceptance and purchase intent. For instance, pleasantness and buying 
probability of chocolate bars were rated higher with regular than with reduced-fat information  [  65  ] .      
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    Introduction 

 Studies on the health bene fi ts of cocoa and cocoa products have been conducted over the past decade, 
with a major focus on degenerative diseases. These bene fi ts have been attributed mainly to phenolic 
compounds located in the pigment cells, also called polyphenol-storage cells, of the cotyledons of 
cocoa beans  [  1  ] . The main groups of cocoa polyphenols are catechins or  fl avan-3-ols (catechin and 
epicatechin), proanthocyanidins, and anthocyanins in low proportion. Besides  fl avonoids, cocoa and 
cocoa products are also rich in methylxanthines, namely, caffeine, theobromine, and theophylline  [  2  ] . 
Theobromine is the major methylxanthine present in cocoa, constituting about 4% on a fat-free basis. 

    Chapter 15   
 Polyphenols in Cocoa: From In Vitro Digestion 
to In Vivo Bioavailability       

      Nàdia   Ortega   Olivé            and    Maria-José   Motilva   Casado               

 Key Points 

    In vitro digestion models permit the characterization of cocoa procyanidins during digestion under • 
physiological conditions, caused by alimentary enzymes.  
  Cultured cell models facilitate studies of small intestinal absorption and metabolism, as an impor-• 
tant step towards elucidating the potential impact of these cocoa procyanidins on human health.  
  Characterization of the digestive species of cocoa procyanidins forming as consequence of colonic • 
fermentation provides useful information for future studies in vivo.  
  The in vitro digestion models could act as a  fi rst directional in fl uence on the reformulation of new • 
cocoa products in order to achieve the required “nutrient pro fi les.”    
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 The mechanisms of action of polyphenols in vivo are not fully elucidated. They are believed to act 
mainly as free-radical scavengers and/or chelators of transition metals (minerals or trace elements). 
But it is unlikely that their free-radical scavenging capacity is suf fi cient to explain their antioxidant 
action in vivo, due to their relatively low bioavailability within the digestive tract  [  3  ] . Also after diges-
tion, naturally occurring polyphenols can undergo signi fi cant modi fi cations that can result in a diverse 
family of bioactive molecules. Flavanols and procyanidins are relatively stable in stomach acid and 
during gastric transit. During digestion and transfer across the small intestine, and in the liver,  fl avanols 
are rapidly metabolized in phase I and II biotransformations to various O-sulfated, O-glucuronidated, 
and O-methylated forms  [  4  ] . 

 Considering the important transformations of polyphenols during the digestion, in addition to their 
low bioavailability, their mechanisms of action are probably linked to the activation/repression of 
particular genes. Recent investigations have shown that they can also act on gene expression via tran-
scription factors (e.g., Nrf2), activating the antioxidant response element  [  5  ] , which can lead to the 
transcription of antioxidant compounds such as glutathione (GSH) or enzymes of glutathione metabo-
lism  [  6  ] . Therefore, efforts to understand the transformations of polyphenols during digestion and 
their bioavailability will be useful to elucidate in the future the mechanisms of action of polyphenols 
in the prevention of diseases related to oxidative stress and degenerative diseases. 

 Bioavailability refers to the fraction of any compound ingested and made available for utilization, 
metabolism, and/or storage by the organism. Different factors have been suggested to in fl uence the 
bioavailability of cocoa polyphenols, but the results are not always in agreement, probably due to the 
use of different study designs, cocoa sources, or food matrices between and within studies. With evi-
dence that cocoa polyphenols are absorbable in humans, it is necessary to elucidate the factors that 
impact intestinal uptake and potential bioavailability. It is likely that the general mechanism of poly-
phenol absorption would follow routes similar to those taken by other xenobiotic compounds that 
require consideration of (1) ef fi cient release of the polyphenol from the food matrix highly condi-
tioned by food processing and food matrix composition (percentage of fat, protein, or carbohydrates), 
(2) ingested dose, (3) stability to gastric and small intestinal digestive conditions, (4) uptake by small 
intestinal absorptive epithelial cells, and (5) secretion into circulation. 

 Taking into account the multiple factors that determine the bioavailability of cocoa polyphenols, 
the selection of a cocoa derivate formula or food processing through in vivo bioavailability studies is 
unfeasible. In this sense, the in vitro models are a useful tool for the early stages of development of 
new processes and new food formulations.  

   In Vitro Digestion Models 

 Studies of food digestibility in animal or human models (in vivo methods) should provide more accu-
rate results, but they are time consuming and costly. The in vitro digestion models are developed to 
mimic the conditions of reactions that occur in the mouth, stomach, intestines, and colon. The aim of 
performing these models is to characterize the changes in food components due to the physiological 
conditions. Mainly the  fi rst part of digestion (mouth, stomach, and small intestine) is focused on 
digested fraction, while the nondigestion fraction is transformed in the colon. 

 The food industry is focused on developing innovative microstructure and texture of food products 
as well as formulating enhanced and balanced structured matrices that are rich in nutrients, especially 
in bioactive compounds, using technologies such as extrusion, encapsulation, and so on. In that line, 
it is important to acquire enough knowledge of the real contribution of each speci fi c nutrient in a food 
product in order to maximize the health bene fi ts to consumers. For that reason, recently, the in vitro 
digestion models have also focused on the study of how the food matrix affects changes in food com-
ponents. The food matrix effect can be de fi ned as the in fl uence on the release of nutrients contained 
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into a larger continuous medium from different cellular origins such as fruits, vegetables, processed 
foods, and so on  [  7  ] . In this sense, the in vitro digestion models are perfectly suited to predict the 
outcome of in vivo experiments and also to enable study of underlying mechanisms of the release and 
bioavailability of nutrients in different food matrices. These models should replicate closely the con-
ditions that occur in vivo. 

 The two main types of digestion models are static and dynamic. Static models are models that do 
not mimic the physical processes that occur in vivo. In these models, the food remains immobile, and 
they do not re fl ect the physical conditions of the digestion process. Indeed, concentrations and activi-
ties of the digestive components, as well as the passage of the food ingredients through the gastroin-
testinal tract, are dynamic processes. Some static models were improved with the incorporation of a 
dialysis step that enables the estimation of the bioavailable fraction  [  8–  10  ] . Even though they have 
certain limitations, static models could be considered as good indicators for simple matrices and use-
ful for effective release studies of the nutrients from the food matrix. However, complex matrices 
should not be enough simulated by simply static model. For that reason, some digestion models have 
been improved and overcome as dynamic models. Dynamic models include physical processing (e.g., 
mixing, diffusion, particle size reduction) that is useful to mimic the in vivo conditions. Recently, 
several commercial gastrointestinal models such as the TIM model and the dynamic digestion model 
have been developed by TNO Centre and the Institute of Food Research in Norwich  [  11,   12  ] , respec-
tively. The advantage of both models is the wide application in pharmacological and food testing and 
the established correlation of in vitro-in vivo observed  [  13  ] . 

 In order to evaluate the digestion models, several concepts pertaining to the different steps of a 
digested nutrient have been de fi ned. A commonly used term is “bioaccessibility,” which is de fi ned as 
the fraction of an ingested nutrient from food matrix that is available for absorption  [  14  ] . Another 
term is “bioavailability,” which is considered the fraction of ingested nutrient that is absorbed and 
becomes available for the action of physiologic functions. In vitro digestion models provide informa-
tion about both bioaccessibility (digestion process) and bioavailability (absorption process). 

   In Vitro Digestion Models Applied to Cocoa Matrices 

 Due to limited knowledge of typology and quantities of polyphenols that are really absorbed, several 
studies have performed digestion models to better understand the bioaccessibility and bioavailability 
of polyphenols from cocoa matrices. Of particular interest is the knowledge of the absorption and 
uptake of the cocoa oligomeric procyanidins and whether such polyphenol complexes are stable in the 
acidic environment of the stomach after consumption, prior to absorption. Spencer et al.  [  15  ]  studied 
the effects of the acidic environment, as found in the gastric milieu, on procyanidin oligomers ranging 
from a dimer to hexamer isolated from  Theobroma cacao , as well as on the monomer epicatechin. 
Procyanidin oligomers (100 mM) were incubated in acid (pH 2.0) and in simulated gastric juice 
(pH 2.0) at 37°C for up to 3.5 h and the products analyzed and identi fi ed by HPLC. Results of this 
study showed that under these conditions there is a time-dependent decomposition of each oligomer 
(trimer to hexamer) with the progressive appearance of dimer and monomer over the period of incuba-
tion. Decomposition of the oligomers during the  fi rst 90 min was more pronounced (60 ± 80%) than 
during the subsequent equivalent period and virtually complete by 3.5 h. The results show that under 
gastric conditions the procyanidin oligomers (trimer to hexamer) are hydrolyzed to mixtures of epi-
catechin monomer and dimer, thus enhancing the potential for their absorption in the small intestine. 
In the same trend, Zhu et al.  [  16  ]  investigated the stability of the cocoa monomers, epicatechin and 
catechin, and the dimers, epicatechin-(4(beta)  b  -8)-epicatechin (dimer B2) and epicatechin-
(4(beta)  b  -6)- epicatechin (dimer B5), in simulated gastric and intestinal juice and at different pH 
values. Epicatechin and catechin were stable in simulated gastric juice. In contrast, dimer B2 and 
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dimer B5 were unstable producing epicatechin; at the same time, incubation of dimer B2 and dimer 
B5 in simulated gastric juice resulted in isomerization to dimer B5 and dimer B2, respectively. When 
incubated in simulated intestinal juice (alkaline pH), all four compounds degraded almost completely 
within several hours. These results suggest that the amount and type of  fl avanols and procyanidins in 
the gastrointestinal tract following the consumption of cocoa can be in fl uenced by the stability of 
these compounds in both acidic and alkaline environments. Additionally, the potential degradation 
of dimers in both the stomach and the intestine helps to explain their low concentrations in plasma. In 
that sense, Neilson et al.  [  17  ]  monitored the native catechin degradation and simultaneously charac-
terized the structural variation of the resulting catechin degradation products using an in vitro gastric 
and small intestinal digestion model to simulate preabsorptive digestion events. To perform the study, 
catechin, epicatechin, epigallocatechin, epigallocatechin gallate, and epicatechin gallate were tested. 
Results showed that simple catechins were much more stable under digestive conditions than the cor-
responding gallocatechins and catechin gallates that were signi fi cantly degraded, with losses between 
60% and 100%. The main contribution of this study is the discovery that both homo- and heterocat-
echin autoxidation dimers are formed under simulated digestive conditions, which suggests that lumi-
nal alteration of ingested catechin pro fi les in vivo warrants further consideration. This work facilitates 
future in vivo studies of catechin digestive behavior and bioavailability by providing analytical meth-
ods speci fi cally designed to identify and characterize catechin autoxidation dimers. 

 Matrix effects are becoming increasingly important for food as EU legislation Directive 2006/1924/
EC  [  18  ]  on nutrition and health claims made on foods asks for evidence between the food labeling and 
its bene fi cial compound which must be able to show that it is bioavailable from that food product and 
is also effective in its implied bene fi t. Cocoa, unlike other vegetal foods, is not consumed as such but 
as an ingredient in food formulations, such as chocolate, dark cocoa power, cocoa drinks, or as an 
ingredient in coating or in cookies. For example, the basic ingredients required for the manufacture of 
chocolate are cocoa nibs or cocoa liquor, sugar and other sweeteners, cocoa butter or butter fat, milk 
powder, and emulsi fi ers, among others. Therefore, foods that usually include cocoa are complex mix-
tures. In this sense, besides the studies of stability of cocoa polyphenols under digestion conditions, it 
is of special interest to evaluate the effect of the food matrix composition on the stability and digest-
ibility of these compounds. 

 As mentioned previously, the food matrix is composed mainly for different ratios and typology of 
macronutrients such as carbohydrates, fat, and protein, which could modify the bioaccessibility 
of cocoa polyphenols and therefore their bioavailability. Indeed, the know-how of this in fl uence could 
help to improve and enhance the formulation of new cocoa food products in order to maximize the 
utilization of the health-promoting nutrients such as the polyphenols.    In order to assess the matrix 
effect on the bioaccessibility of cocoa polyphenols, Ortega et al.  [  19  ]  developed an in vitro digestion 
model for the evaluation of fat content on the digestibility and bioaccessibility of cocoa polyphenols. 
In this study, two main cocoa ingredients used in the confectionary industry were studied – liquor and 
powder cocoa (containing 50% and 15% of fat, respectively). This work tried to show that a higher 
fat content seems to have a protective role for the polyphenols, mainly due to a better micellarization 
that enhances their stability during digestion conditions. This conclusion was later demonstrated by 
the evaluation of the presence in the food matrix of soluble water fraction (soluble  fi ber and soluble 
sugars) and/or hazelnut oil (rich in polyunsaturated fatty acids) on the digestibility and stability of 
carob  fl our phenols using an in vitro digestion model  [  20  ] . The presence of the soluble dietary  fi ber 
enhanced the stability of the phenolic compounds during the duodenal digestion phase. Similarly, the 
hazelnut oil showed a protective effect on the stability of the phenolic compounds during duodenal 
digestion. The presence of lipids in the digestion mixture could suggest a micellarization that could 
establish interactions with certain polyphenols, enhancing their recovery and stability during diges-
tion. These results may be useful for the food industry by suggesting that an emulsion food matrix 
structure could be able to give the desired protection during digestion process and achieve health 
bene fi ts. 
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 A recent comprehensive study  [  21  ]  assessed changes in the polyphenol fraction of water-insoluble 
cocoa fraction by in vitro digestion simulating the human gastrointestinal process. Results of the 
study showed that the digestive process solubilizes a signi fi cant part of the bound polyphenols (high-
degree polymerized procyanidins), and it increases their potential bioaccessibility. All samples 
obtained after protease digestion (pepsin, pancreatin, and pronase) showed the presence of catechin, 
epicatechin, and procyanidin B2, while B1 dimer was released only by pepsin hydrolysis. After the 
action of Viscozyme L (multienzyme complex containing a wide range of carbohydrases, including 
arabanase, cellulase, (beta) b -glucanase, hemicellulase, and xylanase), epicatechin (but no catechin or 
procyanidins) was found in the digested fraction. These data suggest that the catechin and dimeric 
procyanidins, particularly B1, were mainly linked to the protein moiety of the cocoa-insoluble mate-
rial, while a minor part of epicatechin was associated with the polysaccharide moiety. Following 
digestion in the small intestine, about 75% of the cocoa-insoluble fraction remained undigested, so it 
might reach the colon, where bacteria play a major role in fermenting it.  

   In Vitro Colonic Fermentation 

 Mainly monomers (catechin and epicatechin) and dimers have been detected to be able to cross the 
gut barrier in the small intestine. Procyanidic fraction that is not absorbed in the small intestine reaches 
the colon where it exerts its action or is degraded by intestinal or colonic bacteria before absorption 
or excretion of the resulting metabolites. In that line, several in vitro gut models have been developed 
in order to assess the changes in the higher polyphenol unit’s fraction in the last step of the digestion 
process (colon model). The amount of substrate, the fecal microbiota, and substrate-to-inoculum ratio 
are some crucial factors in fermentation studies that are able to show discordance results. 

 In a previously described study by Flogiano et al.  [  21  ] , the cocoa-insoluble fraction that remained 
undigested after in vitro gastrointestinal digestion was submitted to a three-stage continuous system-
gut model simulating the proximal, transverse, and distal colons. The application of the colonic fer-
mentation model revealed that micro fl ora action led to the solubilization of a further 17.8% of this 
undigested fraction that is potentially absorbable through the colon. Results showed that the micro fl ora 
extensively metabolized the procyanidins into various aromatic acids. 3-hydroxyphenylpropionic, 
3-hydroxyphenylacetic, and 3,4-dihydroxybenzoic were the phenolic acids detected in the three ves-
sels, showing that phenolic acids are the major metabolites of cocoa polyphenols. 

 Previous studies on cocoa procyanidins showed similar results. Rios et al.  [  22  ]  reported that the 
consumption of procyanidin-rich chocolate by humans is associated with the production of several 
aromatic acids, including derivatives of phenylpropionic, phenylacetic, and benzoic acids. A study by 
Gonthier et al.  [  23  ]  compared the metabolism of procyanidin dimer B3, trimer C2, and polymer iso-
lated from willow tree catkins to that of the catechin monomer administered in the rat diet. Sixteen 
metabolites of microbial origin were detected and identi fi ed as phenylvaleric, phenylpropionic, phe-
nylacetic, and benzoic acid derivatives. Their total yields signi fi cantly decreased from the catechin 
monomer to the procyanidin dimer, trimer, and polymer, con fi rming a higher ability of rat fecal 
micro fl ora to degrade catechin monomer in relation with more complex procyanidins. Therefore, the 
degree of procyanidin polymerization has a major impact on their fate in the body characterized by a 
poor absorption through the gut barrier and a limited metabolism by the intestinal micro fl ora as com-
pared to catechin. 

 A recent work by Serra et al.  [  24  ]  studied the colonic metabolic pathways of procyanidins (cate-
chin, epicatechin, epicatechin gallate, epigallocatechin gallate, and dimer B2) using rat colonic 
micro fl ora. Results showed an intense metabolism of all procyanidins tested after 24–48 h of 
fermentation. Differences in the fermentation of the stereoisomers catechin and epicatechin were 
observed. When epicatechin was fermented, a lower number of fermentation products were obtained, 
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5-(hydroxyphenyl)-  g (gamma)-valerolactone being the main fermentation product. However, when 
catechin was fermented, a lower concentration of (hydroxyphenyl)-  g (gamma)-valerolactone was pro-
duced; phenylacetic acid was the main fermentation product. The metabolism of galloylated epicate-
chins, epicatechin gallate and epigallocatechin gallate, resulted in a high number of metabolites, and 
p-hydroxybenzoic, protocatechuic, phenylacetic, 2-hydroxyphenylacetic, and 4-hydroxyphenylacetic 
acids were the common metabolites. In contrast with what was expected, the fermentation of the 
dimer B2 did not lead to the formation of the same metabolic products of epicatechin and phenyla-
cetic, and 4-hydroxyphenylacetic acids were the only common metabolites. The dimer B2 was 
hydrolyzed to epicatechin during the  fi rst period of incubation. After the  fi rst hydrolysis of the dimer 
B2, several derivatives of benzoic and phenylacetic acids with different patterns of hydroxylation and 
protocatechuic acids were identi fi ed. 

 The intense colonic metabolism of monomers and the limited metabolism of procyanidins with 
high polymerization degree will have to be considered to explain the health effects of cocoa procya-
nidins. In fact, some microbial metabolites may have a physiologic effect; for example, hydroxyphe-
nylacetic acids have been suggested to inhibit platelet aggregation  [  25  ] . Besides, among the wide 
array of aromatic acids with low molecular weight, some may be used as biomarkers for polyphenol 
intake  [  26,   27  ] . Thus, the identi fi cation and quanti fi cation of microbial metabolites of monomeric 
units of  fl avan-3-ol (e.g., catechin, and epicatechin) constitute an important  fi eld for future research.  

   Caco-2 Cellular Models: Phase II Metabolism 

 The intestinal barrier is also an active member that modi fi es the native polyphenols that are extensively 
altered during  fi rst-pass metabolism, so the molecular forms that reach the peripheral circulation and 
tissues are often different from those in foods  [  28  ] . During the course of absorption, polyphenols are 
conjugated in the small intestine and later in the liver. Cell culture models have been also taken into 
account as one step of the in vitro digestion model. In particular, the Caco-2 cell (the name of polar-
ized human colon carcinoma cell line) model has been widely used as a predictive tool for the absorp-
tion of food nutrients. In this model, the amount of nutrient after the Caco-2 step is designed as the 
bioavailable fraction. However, there are no speci fi c studies related to the evaluation of the cocoa 
procyanidins metabolism using Caco-2 cell models.    

 Human intestinal epithelial Caco-2 cells grown on permeable inserts attain many of the morpho-
logical and functional characteristics of intestinal enterocytes. The low bioavailability of green tea 
catechins, including epigallocatechin gallate, epigallocatechin, epicatechin gallate, and epicatechin, is 
low in both animals and humans. The contribution of intestinal ef fl ux to this low bioavailability has 
been suggested. The Caco-2 cell monolayer has been used to investigate the kinetics of ef fl ux trans-
port (basal-to-apical transport) of the tea catechins  [  29  ] . Kinetic studies indicated that active and satu-
rable ef fl ux transport of epicatechin took place in Caco-2 cells, suggesting the importance of ef fl ux 
transporters and their role in the limited bioavailability of epicatechin. By contrast, no saturation 
could be observed for the ef fl ux transport of epicatechin gallates even at concentrations up to about 
200  m M, which may be due to their low af fi nity towards the transporters. 

 The gut absorption of proanthocyanidins and of the related catechin monomer was investigated with 
colonic carcinoma (Caco-2) cells of a human origin, grown in monolayers on permeable  fi lters. 
Permeability of various radiolabeled proanthocyanidins differing in their molecular weight was com-
pared with that of the radiolabeled catechin  [  30  ] . Catechin, dimer, and trimer had similar permeability 
coef fi cients close to that of mannitol, a marker of paracellular transport. In contrast, permeability of a 
proanthocyanidin with an average polymerization degree of six was ten times lower. These results sug-
gest that dimers and trimers could be absorbed in vivo and that polymer bioavailability is limited to the 
gut lumen. Radiolabeled monomers, dimers, and trimers were transported across a layer of Caco-2 
cells, in contrast to oligomers of six units, which were transported approximately tenfold less  [  30  ] . 
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 The coculture of Caco-2 with hepatocytes has been shown to be a feasible system for assaying the 
conjugation mechanisms in the small intestine and the potential bioactivity of a procyanidin-rich 
extract derived from grape seeds  [  31  ] . The main metabolites resulting from the Caco-2 metabolism 
corresponded to sulfate derivatives of catechin and epicatechin. Also glucuronidated forms were 
quanti fi ed in lower concentration. By contrast, dimer and trimer were quanti fi ed in cellular medium 
in their native forms.    This demonstrates the inability of enterocytes to the conjugation of molecular 
structures more complexes that monomeric units of  fl avan-3-ol as catechin and epicatechin.   

   Bioavailability In Vivo 

 The bioavailability of polyphenols greatly depends on the chemical structure, mainly due to the gly-
cosylation, conjugation, and polymerization form. Thus, the forms circulating in blood are mainly 
glucuronidated, sulfated, and methylated derivatives of the parent compounds. Additionally, the inter-
subject variability has to be taken into account when bioavailability trials are performed with humans 
which sometimes may obscure the true meaning of the obtained results. For that reason, when it is 
feasible, it is desired to measure the bioavailability in vivo by two approaches – the determination of 
polyphenol concentration in plasma and in urine after an ingestion of a known amount of polyphenols 
in a determined food matrix. In general, plasma metabolites showed maximum concentration peak 
(C 

max
 ) after 1–3 h of food intake; meanwhile, the urine metabolites are detected after 24 h, suggesting 

that enterohepatic circulation occurs in the liver, producing mainly sulfate conjugates, whereas the 
 fi rst metabolism produces the glucuronide conjugates in the gastrointestinal cell’s tract. 

 The bioaccessibility of monomers (catechin, epicatechin, and gallates) and dimers from several 
cocoa sources has been shown in the previous section through in vitro digestion models. There is 
extensive literature on in vivo studies of bioavailability of cocoa polyphenols that has con fi rmed the 
presence of cocoa polyphenols in plasma at levels often ranges between nanomolar and low micromo-
lar concentration.  [  32,   33  ]  Richelle et al.  [  34  ]  were one of the  fi rst studies aimed at the bioavailability 
of cocoa polyphenols in humans. This study analyzed the plasma of healthy men after a single dose of 
40–80 g of dark chocolate. Indeed, in this study, results indicated that epicatechin was quickly absorbed. 
Schroeter et al.  [  35  ]  observed similar rate of absorption (T 

max
 ) to those reported by Richelle et al.  [  34  ]  

even though for this study a high- fl avonol cocoa drink was assayed and the peak serum levels (C 
max

 ) 
quanti fi ed were around 2.75 nM. Several further studies con fi rmed the rapid absorption of epicatechin 
into plasma, with plasma concentrations peaking at two or three hours after ingestion  [  36  ] . The chiral 
nature of polyphenols is also seen as a variable that could in fl uence their bioavailability. In that sense, 
Donovan et al.  [  37  ]  observed that the intestinal absorption of (−)-catechin was lower than the intestinal 
absorption of (+)-catechin. After perfusion of 10, 30, and 50  m mol/L of each catechin enantiomer ((−) 
and (+)) in the jejunum and ileum from a rat, plasma concentrations of (−)-catechin were signi fi cantly 
reduced compared to (+)-catechin, suggesting that (+)-catechin enantiomer is more bioavailable than 
(−)-catechin enantiomer. Indeed, these in vivo studies con fi rm the functional properties of cocoa poly-
phenols based on targets such as plasma antioxidant status and oxidative stress, endothelial function 
and  fl ow-mediated dilation, the levels and oxidation of plasma lipids, and nitric oxide, among others. 

 Studies related to the bioavailability of oligomeric and polymeric procyanidins, performed either 
with animals and humans, have indicated that these structures are not absorbed. Therefore, it can be 
supposed that most polymeric units pass unaltered to the large intestine where they are catabolized by 
the colonic micro fl ora, overcoming a diversity of phenolic acids and several metabolites  [  38  ] . Rios 
et al.  [  22  ]  veri fi ed in an in vivo experiment with humans the stability of cocoa procyanidins during the 
gastric transit suggested by in vitro studies  [  15  ] . However, minor quantities of procyanidin dimers B1 
and B2 were detected in human plasma after the consumption of a  fl avan-3-ol-rich cocoa  [  36  ] . A trend 
is observed in the available studies: the smaller the polyphenol structure, the higher the concentration 
in plasma, which gives it a greater chance of reaching its target organs in the body. 
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 Bioavailability can also be affected by the matrix in which the cocoa polyphenols are delivered. 
To overcome this item, several trials have been focused on the assessment of the matrix effect in the 
bioavailability of polyphenols. For example, Schram et al.  [  39  ]  examined the absorption of  fl avonoid 
aglycones after a carbohydrate-rich meal (bread, sucrose). This study showed an enhanced bioavail-
ability of  fl avonols that could be affected by the carbohydrate source. Likewise, Neilson et al.  [  40  ]  
also observed that bioavailability of cocoa polyphenols was in fl uenced by the sucrose content as well 
as by the physical matrix form that evolved the cocoa polyphenols, both affecting mainly the rate of 
absorption (T 

max
 ) and the peak serum levels (C 

max
 ). 

 High molecular weight polyphenols such as procyanidins may interact with protein, indicating that 
the addition of milk could reduce the polyphenol bioavailability. Previous studies showed contradic-
tory results about the milk effect on bioavailability of polyphenols in other foodstuffs. Catechin was 
reported in plasma at low levels after the intake of tea with milk in relation to those levels detected 
after the intake of black tea  [  41  ] . In contrast, the addition of milk to English and Indian black tea 
showed comparable bioaccessibility of total catechins in relation to both tea controls  [  42  ] . Indeed, in 
this study, no in fl uence on catechin bioaccessibility was observed depending on the type of milk used 
(skimmed or full-fat milk). Due to the controversial results, several works have been aimed at the 
milk’s effect on  fl avonol cocoa absorption. In this sense, Keogh et al.  [  43  ]  did not observe any correla-
tion between  fl avonoid absorption and the presence of milk. In the same light, Tomás-Barberán et al. 
 [  44  ]  and Roure et al.  [  45  ]  did not perceive any in fl uence on the polyphenol absorption concentration 
in relation to the presence of milk in the cocoa beverage intake. These studies indicated that milk did 
not seem to in fl uence the bioavailability of cocoa  fl avonols (mainly monomers and dimers).  

   Summary 

 The studies of bioavailability of phytochemicals carried out in animals or human subjects are com-
plex, expensive, and lengthy. In vitro digestion models permit the characterization of cocoa procyani-
dins during digestion under physiological conditions, caused by alimentary enzymes. 

 In combination with a cultured cell model that facilitates studies of small intestinal absorption and 
metabolism, it is possible to determine the relationship between the molecular structures, gastrointes-
tinal stability, conjugation, and extent of absorption for cocoa procyanidins as an important step 
towards elucidating the potential impact of these compounds on human health. 

 Characterization of the digestive species of cocoa procyanidins forming as a consequence of hydro-
lysis, conjugation, and colonic fermentation will provide valuable insight regarding the potential 
alteration of these compounds during digestive transit and will provide a framework for future animal 
and human studies in vivo. 

 The in vitro digestion models allow the screening of multiple samples and may provide data on the 
relative bioavailability of different type of procyanidins. Moreover, these models could act as a  fi rst 
directional in fl uence on the reformulation of new cocoa products in order to achieve the required 
“nutrient pro fi les,” in terms of sugar content and fatty acids, allowing the effect on potential bioacces-
sibility of procyanidins related with the food matrix composition.      
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    Introduction 

 Over the past years, changes in diet and recognition of health bene fi ts of speci fi c food components 
have evolved rapidly, having a direct in fl uence on the well-being and nutritional status of individuals. 
Dietary preferences and habits, which are predominantly cultural in origin, affect the health of both 
individuals and populations. Food selection initiates from a decision process that integrates multiple 
biological, socioeconomic, psychological, and behavioral determinants. For instance, food intake is a 
complex process under the in fl uence of both physiological (e.g., hormonal regulation of hunger and 
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 Key Points 

    One of the greatest scienti fi c challenges in modern nutrition is to decipher the key metabolic inter-• 
actions between food and human metabolism and to understand its role in health and wellness.  
  Despite the growing evidence on the health bene fi ts associated with chocolate, the mechanisms of • 
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microbiota, metabonomics is providing new ventures for modulating the microbiota toward 
the improvement of human health.    
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satiety) and subjective aspects  [  1,   2  ] . The latter encapsulates senses (e.g., taste, smell, palatability, or 
texture), cognitive perception (e.g., preferences, aversions), and the postprandial feeling of wellness 
perceived by individuals after the consumption of the product  [  3  ] . In particular, genetically mediated 
taste response to speci fi c foods or ingredients is ultimately re fl ected in various dietary preferences 
 [  4,   5  ] . Moreover, consumers have speci fi c ideas about the product features that in fl uence the perceived 
satiety level, which may subsequently affect their food preference  [  6  ] . For instance, products per-
ceived as fat, high in proteins, with a savory taste are expected to have a higher level of satiety com-
pared to sweet products. Dietary composition impacts the metabolism of an individual, and the 
dynamic responses of the metabolic phenotype to dietary modulation are well documented  [  2,   7,   8  ] . 
Long-term dietary preferences associated with, for example, high levels of saturated fat or carbohy-
drate consumption are strongly associated with obesity and cardiovascular disease  [  9,   10  ] . There are 
also clear metabolic differences associated with the alternation of vegetarian and omnivorous diets  [  8  ] .
In addition, there are also strong interactions between dietary composition and gut microbial meta-
bolic activities that might contribute to nutritional and health status of an individual. Recent studies 
have also highlighted the importance of altered gut microbiota as a possible major contributor to 
calori fi c harvest  [  11  ]  and to obese phenotypes in animal  [  12  ]  and human models  [  13  ] . 

 Recent applications of top-down system biology approaches provided the ability to measure subtle 
changes in biological processes as a result of different nutritional effects  [  14–  16  ] , and described the 
importance of gut microbiota modulation in complex organisms, including host lipid, carbohydrate, 
and amino acid metabolism at a panorganismal scale  [  17–  20  ] . Modern nutrition research has indeed 
promoted the use of metabonomics to gain a deeper understanding of the interactions between nutri-
tion, health, and physiological processes (Fig.  16.1 )  [  2  ] . Nutrimetabonomics, or nutritional metabo-
nomics, is today a well-established approach for the analysis of physiological regulatory processes via 
the quantitative measurement of nutrition-induced metabolic variations  [  2  ] . Metabolites are the prod-
ucts of the many intricate biosynthetic and catabolic pathways existing in all living systems. Biological 
systems that exist at steady state maintain relatively constant concentrations of metabolic intermedi-
ates. Speci fi c physiological states, gene expression, and environmental stimuli can cause changes in 
existing homeostatic conditions and reaction  fl uxes. All these  fl uxes across cells, tissues, and organs 
of the organism are thus re fl ected ultimately in the metabolic composition of the different biological 
compartments. Therefore, monitoring the resulting metabolic variations provides unique insights into 
intra- and extracellular regulatory processes, and it allows the characterization of individual metabolic 
phenotypes  [  21–  24  ] . In particular, metabolic pro fi les encapsulate information on the metabolic activ-
ity of symbiotic partners, that is, gut microbiota, of complex organisms, which represent a major 
determinant in nutrition and health.  

 Perhaps one of the greatest challenges in modern nutrition is to interrogate and classify the critical 
metabolic interactions between the complex food matrices, which contain a wide range of biologi-
cally active compounds, and human system metabolism and to understand their role in human dis-
eases. The main goal of nutrimetabonomic studies is therefore to study the effects of selected 
ingredients and foods in individuals. The sheer complexity of a food matrix, such as dark chocolate, 
may determine a large variety of biological outcomes. Polyphenols are of great interest in nutrition 
owing to their potential antioxidant capacity and possible protective effects in reducing the risk of 
diseases, such as cardiovascular diseases. Cocoa or chocolate contains  fl avanols that form a unique 
class of polyphenols, including monomers (epicatechin and catechin), oligomers, and polymers 
(proanthocyanidins)  [  25  ] . Different studies showed that cocoa  fl avanols prevent LDL oxidation, 
enhance endothelial functions, or modulate cytokine transcription in peripheral blood mononuclear 
cells  [  26,   27  ] . Moreover, cocoa polyphenols may increase the concentration of HDL cholesterol, 
whereas chocolate fatty acids may modify the fatty acid composition of LDL and make it more resis-
tant to oxidative damage. In a recent study, the serum concentration of HDL cholesterol was increased 
by 4% in healthy subjects following dark chocolate consumption  [  28  ] . Another study described that 
the daily consumption of 75 g of dark chocolate or dark chocolate enriched with cocoa polyphenols 
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  Fig. 16.1    Conceptualization of nutritional metabonomics for health and risk management. The metabolic status of 
individuals results from the continuous interaction of genes, environment, lifestyle, food, and gut microbiota. Different 
metabotypes, as re fl ected in urine or plasma biochemical composition, for instance, are under homeostatic regulations. 
Metabolic pro fi ling can be used to measure homeostasis status, nutritional effects, and likelihood to develop speci fi c 
metabolic deregulations. Nutritional metabonomics aims at optimizing nutrition for health maintenance and disease 
prevention (Images © Nestlé S.A.)       
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increased serum HDL cholesterol (11.4% and 13.7%, respectively) over a period of 3 weeks  [  29  ] . 
Cocoa and chocolate products have been reported to exhibit a total antioxidant capacity often exceed-
ing other antioxidant-rich foods such as red wine and green or black tea  [  30  ] . Great attention in nutri-
tion research has been mostly directed to the antioxidant ability of cocoa and chocolate and their 
eventual protective effects against cardiovascular diseases  [  31  ] . Systolic blood pressure can be, for 
instance, lowered by 5.6% with dark chocolate  [  32  ] . In addition, several bene fi ts of cocoa on improve-
ment of insulin sensitivity and glucose tolerance were reported  [  33,   34  ] . For instance, insulin sensitiv-
ity was higher in healthy volunteers consuming 100 g dark chocolate during 15 days compared to 
white chocolate  [  35  ] . It has also been demonstrated that tea increases in vitro insulin activity in the 
insulin-potentiating epididymal fat-cell assay with rat adipocytes and that this potentiating activity 
was mainly due to polyphenols (especially epigallocatechin gallate and epicatechin gallate)  [  36  ] . 
It was hypothesized that this effect could be related to the polyphenols interfering with glucose trans-
port via GLUT 1 and GLUT 4 transporters  [  37  ] . Cocoa can also affect postprandial insulinemia in 
lean young adults  [  38  ] . The authors postulated that many components in cocoa could elicit this effect, 
from caffeine and theobromine to fatty acids. They also suggested that the sensory characteristics of 
cocoa might potentiate insulin secretion. Several other chocolate components, such as phenylethylam-
ine, N-oleoyl-ethanolamine, and N-linoleoyl-ethanolamine, may also have psychoactive activity that 
could modulate stress and mood  [  39,   40  ] . Yet, despite increasing awareness of the health bene fi ts 
associated with chocolate, the mechanism of action remains poorly understood. This is particularly 
the case for bene fi ts related to brain health and improvement of stress states where only symptomatic 
data are available  [  41  ] .  

   Speci fi c Food Habits Imprint the Metabolic Pro fi le of Healthy Individuals 

 Recently, a metabonomics approach was employed for the assessment of the metabolic response to 
chocolate consumption in 22 healthy men subjects  [  42  ] . The metabolic pro fi les generated by  1 H 
nuclear magnetic resonance (NMR) spectroscopy  [  43  ]  and mass spectrometry (MS)  [  44  ]  on both 
plasma and urine samples showed distinct metabolic responses in subjects according to their choco-
late liking which was determined on the basis of a questionnaire  [  42  ] . This clinical trial consisted of 
a study period of 5 days with two test days on which blood and 24-h urine were collected before and 
after intervention. The authors demonstrated how spectroscopically generated metabolic phenotypes 
can be correlated with behavioral/psychological dietary preference for chocolate products. The meta-
bolic pro fi les collected on both test days thus indicated that “chocolate liking” is a measurable indi-
vidual preference class, although dietary chocolate itself is likely to be only one indicator of a more 
complex dietary pattern. The main metabolic determinants in these metabotypes were a differentiat-
ing signature in the plasma concentrations of LDL and albumin, even in the absence of chocolate 
stimulation. Albumin, the most abundant plasma protein, is involved in many physiological processes, 
including transport of free fatty acids generated from the lipoprotein lipase action in the lipoprotein 
metabolism. In particular, a relationship between albumin concentration and apoprotein B-100 secre-
tion and LDL catabolism has also been reported on a human hepatocyte model  [  45  ] . Furthermore, the 
class-speci fi c metabolic phenotype was also encoded in the urinary pro fi les, suggesting both distinct 
energy and microbiota metabolism. The increased urinary excretion of phenylacetylglutamine and 
citrate in the chocolate “likers” suggested a different modulation of the tricarboxylic acid cycle  [  46  ] , 
associated with changes in the levels of carnitine, N-acetyl-carnitine, and ketone bodies that could 
be related to a different basal energy metabolism  [  47,   48  ] . Urinary metabolic pro fi les also encapsu-
late information on the gut microbial metabolic activities, as observed through the excretion of 
polar microbial-mammalian cometabolites  [  7,   18,   20  ] , including hippurate, 2-hydroxyhippurate, 
 phenylacetylglutamine, p-cresol sulfate, indole-3-acetate, and 3-hydroxyisovalerate  [  18,   49–  52  ] . 
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These metabolic variations re fl ect different metabolism of dietary aromatic amino acids and 
 polyphenols by colon microorganisms  [  53  ] . The modulated urinary excretion of phenolic and indolic 
compounds reveals variations in gut microbial activities in relation to nutritional competition  [  54,   55  ] , 
indoleacetate being reported, for instance, to inhibit the growth and survival of lactobacilli  [  55  ] . In 
particular, the conversion of 4-hydroxyphenylacetate to 4-cresol exhibits a negative correlation in the 
urine pro fi les of chocolate “likers,” which corresponds to a molecular process that has been associated 
with the presence of  Clostridium dif fi cile  but also other bacterial strains  [  49  ] . This observation sug-
gests a differential management of the metabolic pool of the precursor 4-hydroxyphenylacetate by gut 
bacteria. Interestingly, the correlation of 2-hydroxyhippurate with hippurate, two metabolites deriving 
from the metabolism of dietary polyphenols by colon microorganisms  [  53  ] , and the particular correla-
tion of trigonelline with 2-hydroxyhippurate might indicate a speci fi c microbial modulation of dietary 
 fl avonoids and niacin metabolism in “chocolate likers.” The production of phenylacetate and indoleac-
etate has been restricted to a certain taxonomic group of gut bacteria, including Bacteroides, Clostridia, 
and  E. coli , which count among the dominant species in humans  [  54,   56  ] . The differential urinary 
excretion of 2-hydroxyhippurate and hippurate indicates further a speci fi c microbial modulation of 
dietary  fl avonoids in each group of subjects. Altogether, these  fi ndings demonstrate imprinted differ-
ences in the gut microbiotal metabolic activities of the individuals that appear to be dependent on the 
dietary consumption habits. This imprinting was reported independently of the ingested food, as food 
challenge had no direct effects.  

   Chocolate, Energy, Gut Microbiota, and Stress-Related 
Metabolism in Free-Living Subjects 

    In a follow-up study,  1 H NMR spectroscopy  [  43  ]  and mass spectrometry  [  44  ]  were employed as 
complementary analytical techniques to capture a global view of the metabolic events associated with 
chocolate consumption in healthy and free-living men and women  [  57  ] ,  1 H NMR spectroscopy  [  43  ]  
and mass spectrometry  [  44  ]  were employed as complementary analytical techniques  [  57  ] . A clinical 
trial was conducted on a population of thirty human subjects, who were classi fi ed in low- and high-
anxiety trait groups using validated psychological questionnaires. Subjects maintained their usual 
lifestyle and nutrition while consuming dark chocolate twice a day for 2 weeks. Biological  fl uids 
(urine and blood plasma) were collected at baseline, 1 week, and 2 weeks after daily consumption of 
chocolate. The metabonomics analysis of blood and urine samples revealed variations in relation to 
trait anxiety levels even prior to nutritional intervention  [  57  ] . For instance, stress leads to elevation of 
hormones, such as the glucocorticoids and catecholamines  [  58,   59  ] . Although the presence of these 
hormones is essential for modulating acute stress, there are valid associations between long-term 
exposures to high levels of these stress hormones and the development of multiple forms of chronic 
illnesses  [  60,   61  ] . In particular, the individual response to chronic stress is tightly connected to the 
hypothalamic–pituitary–adrenal metabolic axis and the sympathoadrenal system, which in turn deter-
mine the overall homeostatic balance  [  58  ] . The reported results described systemic changes in hor-
monal metabolism of high trait anxiety individuals when compared to low trait anxiety subjects, as 
observed with a higher urinary excretion of adrenaline, 3,4-dihydroxyphénylalanine (DOPA) and 
3-methoxy-tyrosine, two intermediates in dopamine synthesis  [  62  ] . Additional metabolic changes 
were consistent with the stress-mediated modulation of gluconeogenesis by catecholamines  [  58  ] , as 
noted with the metabolic changes observed in several pathways involving the tricarboxylic acid cycle 
(citrate, succinate, aconitate)  [  46  ] , gluconeogenetic pathways (lactate), and urea cycle (urea, proline). 
Nowadays, there is compelling evidence that life stress impacts directly upon gastrointestinal health 
in animals and humans via modulation of key functional parameters, such as intestinal permeability 
and secretion and release of biological mediators  [  60,   63,   64  ] . Changes of gastrointestinal function are 
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intimately linked to gut microbial populations and activities  [  65  ] , and metabolic monitoring of urinary 
excretion of many mammalian microbial cometabolites – namely, phenolics, indoles, and benzoyl 
derivatives, methylamines, short-chain fatty acids – provides information on the gut microbial meta-
bolic activities  [  49,   52,   66  ] . Differences in trait anxiety levels were associated to differential urinary 
excretion of p-cresol sulfate and hippurate, two metabolites associated with gut microbial metabolism 
of aromatic amino acids  [  20,   49  ] . Certain aromatic compounds, such as benzoate and phenylacetate, 
that can be coprocessed by the gut microbiota, are well-characterized agents reducing the levels of 
circulating glycine and glutamine  [  46,   67  ] . Both NMR- and MS-based metabolic pro fi ling of urine 
revealed relatively higher excretion of glycine in high trait anxiety individuals, with inferred relation-
ships with amino acid interconversion and benzoate metabolism. 

 The metabolic response to chocolate intervention revealed that a daily intake of dark chocolate 
resulted in subtle and cumulative metabolic effects of the urinary excretion of gut microbial come-
tabolites over a 2-week period. Increased levels of m-hydroxyphenylacetate and decreased content of 
phenylacetylglutamine and p-cresol sulfate can result from the adaptation of gut microbiota to process 
dark chocolate constituents, such as phenylethylamine, N-oleoyl-ethanolamine and N-linoleoyl-
ethanolamine, theobromine, and  fl avonoids (epicatechins, catechins, and its oligomers)  [  49,   52,   53  ] . 
In particular, urinary excretion of m-hydroxyphenylacetate was previously ascribed to the intake of 
polyphenol-rich products, such as chocolate  [  25  ] . These observations are therefore complementary to 
our preliminary investigations of metabolic imprinting associated to chocolate dietary habits  [  42  ] . 
Moreover, these observations indicated that the metabolic impact of a daily intake of dark chocolate 
was strongly dependent on the dispositional stress state of the individuals, as noted with statistically 
signi fi cant metabolic effects only in subjects with inherent high trait anxiety. Consumption of dark 
chocolate resulted in the decrease of the urinary levels of catecholamines (adrenaline, noradrenaline, 
normetanephrine), corticosterone, and stress hormone cortisol in subjects with high trait anxiety. 
Chronic stress is correlated with increases in stress hormones cortisol and catecholamines  [  68–  71  ] , 
suggesting potential bene fi cial implications of dark chocolate for reduction of mental and/or physical 
stress and improvement of the metabolic response to stress. At the same time, chocolate consumption 
partially normalized stress-related differences in energy metabolism (glycine, citrate, trans-aconitate, 
proline,  b -alanine) and gut microbial activities (hippurate and p-cresol sulfate). 

 This study demonstrated the ability of metabonomics to measure the metabolic signatures of stress 
in healthy individuals under free-living conditions while assessing their metabolic changes to daily 
consumption of dark chocolate. The outcomes of this study provided additional evidence that con-
sumption of dark chocolate may bene fi cially impact on stress-associated metabolism as observed 
through a partial normalization of stress-related differences in energy metabolism and gut microbial 
activities.  

   The Bene fi cial Effects of Chocolate and Cocoa Bioactives 
Are Partially Mediated by Gut Microbiota 

 The complex association of gut bacterial cells extends the processing of undigested food to the 
bene fi t of the host through metabolic capacities not encoded in mammalian genomes  [  65,   72  ] . 
In mammals, microbial communities differ in composition from the stomach to the colon, where the 
competition for space and nutrients in the large bowel determines the microbial composition of this 
internal ecosystem. In particular, the colon is one of the most populated sections of the gastrointesti-
nal tract, with high density of bacterial cells of up to 10 12  per mL  [  73  ] , and gut bacteria may represent 
up to 60% of the total fecal mass  [  65,   74  ] . The main human intestinal bacteria, which are predomi-
nantly species of the  Bacteroides ,  Clostridium, Lactobacillus, Eubacterium, Faecalibacterium,  and 
 Bi fi dobacterium  groups ,  therefore coexist in a dynamic ecological equilibrium together with various 
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yeasts and other microorganisms  [  75  ] , the whole ecosystem varying in addition with the host’s age, 
diet, and health status. 

 The members of the gut microbiota consortium are diverse and provide the host with speci fi c 
capacities ranging from dietary energy recovery from nutrient load, generating digestible carbohy-
drates, amino acids, and vitamins, and ultimately determine the concentrations of bioactive and bio-
available polyphenols to the host metabolism  [  25,   76  ] . Indeed, despite polyphenols are of great interest 
in nutrition and medicine, it is often assumed from in vitro studies that cocoa polyphenols are bio-
available and reach the target inner tissues. However, proanthocyanidins are poorly absorbed through 
the gut barrier because of their high molecular weight  [  77–  79  ] . The formation of several phenolic 
acids from proanthocyanidins in in vitro studies with human fecal micro fl ora  [  78  ]  suggests that they 
could be absorbed through the colon barrier and contribute to the biological effects of chocolate poly-
phenols observed in vivo. Rios et al.  [  25  ]  analyzed the phenolic acids recovered in the urine of human 
subjects collected for 2 days after the consumption of polyphenol-rich chocolate. They reported that 
m-hydroxyphenylpropionic acid, m-hydroxyphenylacetic acid, and m-hydroxybenzoic acid urinary 
excretions, which are likely to arise from the microbial metabolism of catechin and proanthocyanidins 
in chocolate, increase after chocolate consumption, which are likely to arise from the microbial 
metabolism of catechin and proanthocyanidins in chocolate. The delayed excretion of these phenolic 
acids (9–48 h after the test meal) indicates their microbial origin. It is possible that the biological 
effects ascribed to polyphenols may not be due to a direct action of proanthocyanidins themselves but 
to an effect of some more readily absorbed low-molecular-weight metabolites. Circulating levels of 
some phenolic acids formed in the colon exceed those of the parent  fl avonoids after regular consump-
tion of a  fl avonoid-rich diet  [  80  ] , highlighting potential implication of microbial metabolites in anti-
oxidant protection and possible bene fi cial health effects of cocoa polyphenols. 

 Health effects of cocoa  fl avanols depend    on their bioavailability, which is strongly in fl uenced by 
the food matrix and the degree of  fl avanol polymerization. There is increasing awareness for instance 
that milk signi fi cantly impact the bioavailability of cocoa  fl avonoids  [  81  ] . For instance, when partici-
pants consumed 40 g of cocoa powder dissolved either in 250 mL of whole milk or in 250 mL of 
water, the urinary concentration of 3,4-dihydroxyphenylacetic, protocatechuic, p-hydroxybenzoic, 
p-hydroxyhippuric, hippuric, caffeic, and ferulic acids diminished after the intake of cocoa with milk, 
whereas urinary concentrations of vanillic and phenylacetic acids increased. In conclusion, milk may 
partially affect the formation of microbial phenolic acids derived from the colonic degradation of 
procyanidins and other compounds present in cocoa powder  [  81  ] . 

 The antioxidant and biological effects of chocolate are therefore not exclusively related to the absorp-
tion of catechin monomers, but also by the absorption of microbial metabolites  [  25  ] . Generally, the daily 
intake of dark chocolate resulted in cumulative changes on the urinary excretion of chocolate com-
pounds and gut microbial cometabolites, mainly phenolics, which result from the digestion of chocolate 
constituents, as well as methylxanthines and theobromine, major active molecules in chocolate. These 
features re fl ect the adaptation of gut microbiota to process dark chocolate polyphenols, mainly  fl avan-
3-ol epicatechins and procyanidins, that are known to reach the intestine intact before being degraded 
into bioavailable low-molecular-weight phenolic acids produced by the microbiota  [  25  ] .  

   Modulation of Gut Microbial Activities to Provide Health 
Bene fi ts to the Host Metabolism 

 Nowadays, foods are commonly used to modulate the composition of the gut microbiota contributing 
to the maintenance of the host health and prevention of diseases. The effects of consuming live micro-
bial supplements (probiotics) on the microbial ecology and on human health and nutritional status have 
been extensively investigated  [  82  ] . Probiotic supplementation aims at replacing or reducing the num-
ber of potentially pathogenic bacteria in the intestine by enriching the populations of gut microbiota 
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that ferment carbohydrates and that have little proteolytic activity  [  82  ] . Probiotics need to resist the 
manufacturing process and storage in order to be viable in the commercial product until the end of the 
shelf life but they also need to be resistant to the gastrointestinal environment and to compete with the 
resident intestinal microbiota  [  83  ] . Lately, microencapsulation in sealed capsules of different materi-
als, which release their content under speci fi c environmental conditions, is being investigated as a 
mean to improve delivery and assure better protection of probiotics. The lipid fraction of cocoa butter 
was shown to be protective for bi fi dobacteria  [  84  ] , and more recently, chocolate was also evaluated as 
a potential protective carrier for oral delivery of a microencapsulated mixture of  Lactobacillus helve-
ticus  and  Bi fi dobacterium longum   [  85  ] . A sequential in vitro setup was used to evaluate the protection 
of the probiotics during passage through the stomach and small intestine, when embedded in dark and 
milk chocolate or liquid milk.    Both chocolates offered superior protection (91% and 80% survival in 
milk chocolate for  L. helveticus  and  B. longum , respectively, compared to 20% and 31% found in milk, 
or 69% and 58% in dark chocolate). This latter observation may be explained by the almost  fi vefold 
higher polyphenol content in the dark chocolate, as these cocoa compounds can exert antimicrobial 
effects  [  86,   87  ] . These data indicate that the coating of the probiotics in chocolate is an excellent solu-
tion to protect them from environmental stress conditions and for optimal delivery. The simulation 
with a gastrointestinal model showed that the formulation of a probiotic strain in a speci fi c food matrix 
could offer superior protection for the delivery of the bacterium into the colon. 

 As an alternative, prebiotics, nondigestible food ingredients, generally oligosaccharides, modify 
the balance of the intestinal microbiota by stimulating the activity of health bene fi cial bacteria, such 
as lactobacilli and bi fi dobacteria  [  82,   88  ] . Today, there is considerable evidence that manipulation of 
the gut microbiota by prebiotics could bene fi cially in fl uence the host’s health  [  88–  94  ] . Eventually, the 
combined use of prebiotics and probiotics may offer superior effects in health maintenance through 
modulating the microbial functional ecology  [  82,   95  ] . 

 It has been reported that the  fl avanol monomer (+)-catechin signi fi cantly increases the growth of the 
 Clostridium coccoides – Eubacterium rectale  group,  Bi fi dobacterium  spp., and  Escherichia coli  and 
signi fi cantly inhibits the growth of the  Clostridium histolyticum  group  [  96  ] . These data suggest that the 
consumption of  fl avanol-rich foods may have the potential to support gut health through their ability to 
exert a nutritional pressure that favors certain groups of bacteria. In a randomized, double-blind, cross-
over, controlled intervention study, 22 healthy human volunteers were randomly assigned to either a 
high-cocoa  fl avanol group (494 mg cocoa  fl avanols per day) or a low-cocoa  fl avanol group (23 mg 
cocoa  fl avanols per day) for 4 weeks of intervention with a 4-week washout period. Fecal samples were 
collected before and after each intervention, and bacterial numbers were measured by  fl uorescence in 
situ hybridization. The daily consumption of the high-cocoa  fl avanol drink increased the bi fi dobacteria 
and lactobacilli populations. In addition, the high dose of polyphenols also induced a signi fi cant decrease 
in the  C. histolyticum  group, which suggested that cocoa-derived  fl avanols also have an inhibitory effect 
on the growth of this bacterial group, which includes  Clostridium perfringens . These microbial changes 
were associated with signi fi cant reductions in plasma triacylglycerol, and C-reactive proteins suggest-
ing the potential bene fi ts associated with the dietary inclusion of  fl avanol-rich foods may be mediated 
by the gut microbial activities. Sequential in vitro digestion of the water-insoluble cocoa fraction with 
gastrointestinal enzymes and bacterial fermentation in a human colonic model system were carried out 
to investigate bioaccessibility and biotransformation of this source of polyphenols, respectively  [  97  ] . On 
one hand, in vitro digestion solubilized 38.6% of the water-insoluble cocoa and released 51% of the 
total phenols from the insoluble material. However, this release of phenols was not linked to any reduc-
tion in the total antioxidant capacity of the digestion-resistant material. On the other hand, bacterial 
fermentation of the insoluble material was associated with an increase of bi fi dobacteria and lactobacilli 
as well as butyrate production. Flavanols were converted into phenolic acids by the microbiota follow-
ing a concentration gradient resulting in high concentrations of 3-hydroxyphenylpropionic acid in urine. 
The association between fermentable polysaccharides and some  fl avonoids, such as the catechins, may 
be very effective in the modi fi cation of micro fl ora metabolic functions.  
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   Summary 

 The perspective of inducing changes in the host metabolism triggered by unique combinations of 
polysaccharides and some  fl avonoids establishes an important step forward in the efforts to develop 
tailored nutritional solutions at an individual level. Overall, these examples demonstrated the possibil-
ity to characterize the biochemical effects of nutritional modulation of gut bacterial populations as 
well as depicting their metabolic activities. In turn, the displayed microbial changes were associated 
with the modulation of a range of host metabolic pathways. Recent analytical advances now provide 
comprehensive approaches for monitoring the nutritional effects in multiple metabolic pathways 
using integrative systemic metabolic and microbiome pro fi ling. Finally, through the rigorous charac-
terization of interactions between the diet and the microbiota, metabonomics is providing new ven-
tures for modulating the microbiota toward the improvement of human health. The prospective of 
preventing the progression of human metabolic disorders using speci fi c nutritional intervention pro-
grams could bene fi t from the applications of metabonomics for therapeutic surveillance and assess-
ment of nutrition ef fi cacy. Undeniably, the elucidation of these host gut microbial metabolic interactions 
will bring at the design of novel and enhanced functional foods for health promotion.      
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    Cocoa Beans and Their Products 

 A review of the scienti fi c literature on human and animal studies linking the consumption of vegeta-
bles, fruits, and certain plant-derived beverages with a reduction in the risk of coronary artery disease 
 [  1–  3  ] , ischemic stroke  [  4,   5  ] , hypertension  [  6  ] , maculopathy  [  7  ] , chronic obstructive pulmonary dis-
ease  [  8  ] , gallstones  [  9  ] , certain types of cancer  [  10,   11  ] , and possibly type 2 diabetes  [  12,   13  ]  suggests 
that although the extent of the association is sometimes weak  [  11  ] , uncertain  [  14,   15  ] , or unclear  [  16  ] , 
in most cases the health bene fi ts that these dietary components can offer may be due, to a great extent, 
to their high content in antioxidant polyphenols such as  fl avonoids, procyanidins, lignans, and stil-
benes  [  17,   18  ] . 

 Cacao beans, the unprocessed seeds (beans) from the fruits (pods) of  Theobroma cacao , along with 
black and green teas, red wines, ground cloves, nuts, cereals, legumes, and several types of berries, 
fruit juices, and chocolates, have been identi fi ed as foods with a high content in antioxidant 
polyphenols  [  19,   20  ] , especially  fl avonoids  [  21  ] . However, owing to a natural unpleasant astringency, 
acidity, and bitterness, the cacao beans need to undergo several manufacturing steps aimed at making 
them palatable and exhibiting the characteristic aroma and taste of cocoa and chocolate through a 

    Chapter 17   
 The Absorption, Metabolism, and Pharmacokinetics 
of Chocolate Polyphenols       

      Cesar   A.   Lau-Cam              

 Key Points 

    Cacao products such as chocolate and cocoa are major food sources of polyphenolic compounds in • 
the form of monomeric catechins and oligomeric procyanidins.  
  These compounds display a myriad of health-related properties that are only realized after they • 
have transited through the digestive tract, interacted with the intestinal micro fl ora, undergone pre-
systemic biotransformations, and become absorbed from the intestinal milieu.    
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series of complex chemical reactions. Following the opening of the pods, the beans are exposed to the 
enzymatic action of microbes present in the sugar-rich, acidic (pH 3.3–4.0), and relatively anaerobic 
testa (pulp) surrounding the seeds. This fermentation process, which normally takes place between 
5 and 7 days, will chemically break down the pulp, induce chemical changes within the seed cotyle-
dons, and allow the shells to release the seeds, which are then dried and roasted to promote the devel-
opment of the  fl avor qualities associated with cacao products  [  22,   23  ] . Further  fl avors may develop 
when the roasted cacao beans are subjected to winnowing, a violent vibratory process that removes 
the woody husks (or shells) and breaks the cacao beans into small irregular fragments known as cacao 
nibs, and a second roasting of the cacao nibs at 120–150°C. Milling of the roasted nibs at a constant 
temperature of just above 32°C (90°F), followed by expression, separates the cacao solids from the 
lique fi ed fatty components of cacao, designated as cacao (or chocolate) liquor, the main component 
of commercial bitter chocolates  [  24,   25  ]  containing cocoa solids and fatty components (or cocoa but-
ter) in roughly equal proportions  [  26  ] . To make cocoa, the cacao liquor is expressed with a hydraulic 
press, an operation that removes all but about 10–12% of cocoa butter present in chocolate  [  27  ] , to 
leave a cake that is then pulverized to cacao powder  [  24  ] . In turn, cocoa can be of two kinds: natural 
cocoa if it has not been mixed with alkali during the manufacturing process as a further modi fi er of 
the organoleptic properties of the product and Dutch-processed (alkalinized) cocoa if it has been 
treated with an alkaline solution, usually 2–3% in strength  [  24  ] .  

   Polyphenols in Cacao, Cocoa, and Chocolates 

 Total polyphenols in unfermented cacao beans range from 12 to 18% of the dry weight of the bean  
(with the predominant forms being the epimeric  fl avan-3-ol monomers (+)-catechin and (−)-epicate-
chin (Fig.  17.1 ) and oligomeric to polymeric proanthocyanidins, which are exclusively represented by 
procyanidins (Fig.  17.2 ) [ 23,   28 ]. In general, monomers comprise 5–10% of the total polyphenols in 
cacao and oligomers and polymers  ³  90%  [  27,   29  ] .   

  Fig. 17.1    Monomeric catechins found in cacao and its products       
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  Fig. 17.2    Procyanidins found in cacao and its products       
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 The content of polyphenols in fresh cacao beans varies quite widely depending on their geographic 
origin  [  30,   31  ] , and changes rather rapidly under the in fl uence of fermentation  [  32  ] . For a sample of 
fresh unfermented West Indian cacao beans, the proportion of  fl avan-3-ol monomers to procyanidins 
was found to be ~ 75/31, but after 8 days of fermentation, it had increased to ~ 83/10  [  32  ] .    It was 
also reported that the levels of the various polyphenols in unfermented beans amounted to ~ 37% 
 fl avan-3-ols, ~ 4% anthocyanins, and ~ 58% procyanidins  [  28,   34  ] . Among these polyphenols, (−)-epi-
catechin appears to be the major  fl avan-3-ol, with one study reporting a content of 34.65–43.27 mg 
per g (or up to 35% of the total phenolics) of defatted freshly harvested cacao beans, with (+)-catechin 
occurring in smaller amounts and (+)-gallocatechin and (−)-epigallocatechin being only present in 
traces amounts  [  33, 34  ] . 

 The procyanidins found in cacao-derived products are represented by oligomers and polymers of 
(−)-epicatechin such as procyanidins B1, B2, B5, and C1 (see Fig.  17.1 )  [  29  ] . Procyanidins are par-
ticularly abundant in cacao beans, where types B and C are present in much higher concentrations 
than type A. While in types B and C the monomers are linked by a  4 b  → 8  carbon to carbon bond to 
form a dimer such as procyanidin B1 (epicatechin-( 4 b  → 8 )-catechin), procyanidin B2 (epicatechin-
( 4 b  → 8 )-epicatechin), or a trimer such as procyanidin C1 (epicatechin-( 4 b  → 8 )-epicatechin-
( 4 b  → 8 )-epicatechin), in type A the monomers are linked by both a  4 b  → 8  carbon bond and a 
 2 b  → O-7  ether bond  [  32,   35  ] . In addition, galactose- and arabinose-containing procyanidin glyco-
sides related to procyanidin A2 have also been reported for fresh unfermented cacao beans  [  32  ]  and 
cacao liquor  [  36  ] .    HPLC analysis of cacao (chocolate) liquor, the fatty mass that forms upon cooling 
the liquid obtained by grinding fermented, dried, roasted, skinless cocoa beans, and of cocoa and dark 
chocolate has shown these products to share similar pro fi les of monomeric catechins and proantho-
cyanidins but to differ in the ratio of  fl avan-3-ols to the total amount of monomeric and oligomeric 
polyphenols found higher in pure cocoa powder than in cacao liquor or dark chocolate  [  37,   38  ] . 
Furthermore, the procyanidin content of cocoa liquor and chocolate samples has been found to cor-
relate with their antioxidant capacity measured using the oxygen radical absorbance capacity (ORAC) 
assay as an indicator for potential biological activity  [  37  ] . On the average, chocolate and apples are 
found to have a procyanidin content per serving that is greater (164.7 and 147.1 mg, respectively) than 
that of red wine and cranberry juice (22.0 and 31.9 mg, respectively)  [  39  ] . 

 Additional, although less abundant, polyphenols are the  fl avonols quercetin, isoquercitrin (quercetin-
3-O-glucoside), quercetin-3-O-arabinoside, quercetin-3-O-glucuronide, hyperoside (quercetin-3-O-
galactoside), the  fl avones luteolin, luteolin-7-O-glucoside, apigenin, vitexin (apigenin-8-C-glucoside) 
and isovitexin (apigenin-6-C-glucoside), and the  fl avanone naringenin  [  27,   40  ] , and catechin-C gly-
coside  [  41  ] . The anthocyanin fraction is primarily comprised of cyanidin-3- a -L-arabinoside and 
cyanidin-3- b - d -galactoside  [  34  ] . 

 Cocoa powder is the ground product that remains after a signi fi cant portion of the cocoa fat (butter) 
has been removed from roasted milled cocoa beans by hydraulic pressing. Alternatively, cocoa is 
prepared from the nibs, the roasted cocoa beans that were deprived of the shell and germ, which are 
 fi rst moistened by steaming and next defatted by passage through a screw-expeller press to yield a 
solid mass of cocoa  [  42  ] . Polyphenols in cocoa comprise 12–18% of its total weight on a dry basis, 
making it a richer source of  fl avonoids than other phenolic-rich foods such as onions, red wine, and 
apples  [  43  ] . Addition of a mild alkali to cocoa powder (the Dutching process) yields alkalinized cocoa 
with superior organoleptic properties but with diminished  fl avanol content and antioxidant activity in 
direct proportion to the amount of alkali added and to an increase in the product pH above that of natu-
ral cocoa powder (5.3–5.8)  [  44  ] . Alkali is known to cause chemically losses of the mean total  fl avonoid 
content and, thus, to affect the antioxidant properties and polyphenol bioavailability of cocoa pow-
ders. A study by Andrés-Lacueva et al.  [  27  ]  veri fi ed that Dutching of the nibs, liquor, or cocoa powder 
reduced the content of the  fl avanol (−)-epicatechin (by 67%) to a greater extent than that of (+)- catechin 
(by 38%), probably because of its epimerization into (−)-catechin, a less bioavailable form of cate-
chin. A decline was also observed for di-, tri-, and tetrameric procyanidins. In the case of  fl avonols, 



20517 The Absorption, Metabolism, and Pharmacokinetics of Chocolate Polyphenols

quercetin presented the highest loss (86%), whereas quercetin-3-glucuronide, quercetin-3- arabinoside, 
and isoquercitrin showed a similar decrease (58%, 62%, and 61%, respectively). It was concluded that 
the large decrease in  fl avonoid content of natural cocoa powder, together with the observed change in 
the monomeric  fl avanol pro fi le that results from the alkalinization treatment, could affect the antioxi-
dant properties and the polyphenol bioavailability of cocoa powder products  [  37  ] .    Three additional 
contributing factors to  fl avan-3-ol decreases in cacao beans are fermentation, roasting, and certain 
prefermentation treatments. Roasting of the beans at temperatures exceeding 70°C is found to lead not 
only to appreciable losses of monomeric catechins but also to increases in catechin levels due to the 
epimerization of (−)-epicatechin to (−)-catechin  [  45  ]  or to (+)-catechin  [  46  ] . Indeed, the total amount 
of soluble polyphenols in the dried fat-free mass of fresh cocoa beans is 15–20% (which is equivalent 
to approximately 6% in air-dried cocoa beans containing 54% fat and 6% water), but in fermented 
beans, it is only about 5%, with 10% or more being regarded as an indication of a poor fermentation 
 [  34  ] . In general, the decrease in total polyphenol content of cocoa beans as a result of fermentation is 
rather fast since there is a report indicating that cocoa beans fermented for 1–6 days lost 63% of their 
polyphenol content by day 6 along with 17% drop in antioxidant capacity relative to corresponding 
values on day 0  [  22  ] . Major losses occur in the monomeric fraction (i.e., (+)-catechin plus (−)-epicat-
echin), which can drop by > 80% of the initial values  [  45  ] . Conversely, underfermented and under-
roasted cacao beans with very high cacao solid percentages ( ³  90%) contained higher levels of 
antioxidant phenols than more fermented and more roasted beans but at the cost of an inferior  fl avor 
and a greater microbial burden from the fermentation process  [  25  ] . On the other hand, a study by 
Nazaruddin et al.  [  47  ]  showed that the levels of (−)-epicatechin and (+)-catechin in cacao beans 
decreased when subjected to different degrees of fermentation but with the losses differing between 
the two  fl avanols and proportionally to the degree of fermentation (6–17% and 0.95–1.62%, 
respectively). The same study also found that prefermentation treatments such as postharvest pod 
storage, spreading, and pressing also played a decreasing role on catechins and on the astringency of 
the beans. Hence, fermentation will reduce the level of bitterness and astringency of the cocoa bean 
by promoting the loss of polyphenols  [  28  ] . In this regard, the  fl avan-3-ols (−)-epicatechin and 
(+)-catechin and the procyanidins B2, B5, C1, [epicatechin-(4  b  →  8)]3-epicatechin, and [epicatechin-
(4  b  →  8)]4-epicatechin are regarded as key contributors to the bitterness and astringency of roasted 
cacao  [  48  ] , with the purines caffeine and theobromine, a series of quercetin, naringenin, luteolin, and 
apigenin glycopyranosides, and a family of amino acid amides also playing a role  [  49  ] . 

 A comparative evaluation of the phenolic and  fl avonoid contents and total antioxidant capacity of 
beverages prepared from cocoa, black tea, and green tea with red wine has veri fi ed cocoa to contain 
higher levels of total phenolics, expressed as gallic acid equivalents (GAE), and  fl avonoids, expressed 
as epicatechin equivalents (ECE), per serving than the other beverages and that the total antioxidant 
capacity, based on the results of the ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) and 
DPPH (2,2-diphenyl-1-picrylhydrazyl) tests, decreased in the order cocoa > red wine > green tea > 
black tea  [  18  ] . Hence, cocoa may offer greater health bene fi t to humans than teas and red wine  [  18, 
  43  ] . Furthermore, since the type of antioxidant phenol present in each food product varies according 
to the particular source, being procyanidins in chocolate, various catechins and catechin esters of gal-
lic acid in tea  [  18  ] , and proanthocyanidins, catechins,  fl avanones,  fl avonols, and stilbenes in red wine 
 [  24  ] , it is also important to establish the total contents of antioxidant phytocomponents in addition to 
the individual ones, especially in the case of cocoa and tea  [  18  ] . 

    A survey of the oxygen radical absorbance capacity (ORAC), an index of antioxidant activity, and 
of the total polyphenol, procyanidin, and nonfat cocoa solid (NFCS) contents of top market share 
cocoa- and chocolate-containing food products sold in the United States showed a strong linear correla-
tion between NFCS and ORAC (R 2  = 0.9849), total polyphenols, as GAE (R 2  = 0.9793), and procyani-
dins (R 2  = 0.946), respectively, and the greater dependence of the antioxidant capacity on NFCS than 
on factors such as differences in cocoa bean blends and processing  [  44  ] . The same survey determined 
that antioxidant activities and total polyphenol and procyanidin contents decreased in the order natural 
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cocoas > baking chocolates > dark chocolates > chocolate baking chips > milk chocolate > chocolate 
syrups. An important contributor to these differences is the cooking process used in the manufacturing 
of cocoa drinks and baked chocolate-containing products since it is found to negatively affect both the 
levels of  fl avan-3-ols and proanthocyanidins and the antioxidant activity, more so at a pH above than 
below 7.25  [  50,   51  ] . When the procyanidins in cocoa liquors and in chocolate samples were quanti fi ed 
by normal phase high performance liquid chromatography (HPLC) with  fl uorescence detection, differ-
ences in the average content procyanidin oligomers per gram of sample and in the abundance of each 
oligomer size were detected  [  37  ] . In this study, chocolate liquors from different geographical areas 
were found to differ in their procyanidin content as a function of the extent of their fermentation, with 
underfermented ones containing substantially more procyanidins than well-fermented ones. Also, a 
chocolate containing a high concentration of cocoa liquor was richer in procyanidins than dark choco-
late, which, in turn, was richer than milk chocolate. When the procyanidin content of the various 
samples was related to the number of constitutive units of the oligomer, it was apparent that the con-
centration decreased proportionally to an increase in the number of units. However, in this study, while 
a high liquor chocolate exhibited measurable amounts of the entire spectrum of oligomer, from dimers 
up to decamers, dark chocolate failed to demonstrate procyanidins larger than tetramers, and milk 
chocolate did not show oligomers beyond hexamers. The apparent absence    of certain oligomeric sizes 
in commercial chocolates was ascribed to the inability of the assay method used and to the levels of 
detected procyanidins falling below its limits of detection  [  37  ] .  

   Passage Through and Stability of Chocolate and Cocoa Polyphenols 
in the Gastrointestinal Tract 

 Two compartments are involved in the metabolism of  fl avonoid compounds such as those present in 
chocolate. One is represented by the small intestine, liver, and kidney, and the other by the colon  [  52  ] . 
The two factors that have received the greatest attention in connection with the health bene fi ts of antioxi-
dant polyphenols in cacao and its products have been the effect of gastrointestinal pH and the role played 
by the intestinal micro fl ora, since both may contribute to their degradation to products and metabolites 
demonstrating decreased or no antioxidant activity before they can reach the circulation  [  53  ] . 

 The role of pH on the stability of cacao polyphenols has been the subject of multiple evaluations 
in vitro. Thus, a comparative study of various foods prepared with natural cocoa powder, and includ-
ing chocolate frosting, hot cocoa drink, chocolate cookies, and chocolate cake, demonstrated changes 
in (−)-epicatechin content and in antioxidant activity as a function of the product pH and type of leav-
ening agent added to the food product. In general, these parameters were found to decrease propor-
tionally to an increase in pH above 7.25  [  50  ] . Another study investigated the losses in total polyphenols 
and  fl avanols, including procyanidins, during the Dutching of natural cocoa powder, and found them 
to increase linearly with the degree of alkalization in the pH range 6.5–7.61  [  54  ] . 

 In a model study designed to investigate the stability of a series of structurally unrelated polyphe-
nolic compounds, dissolved in buffers in the pH range 3–11, on the basis of changes in the ultraviolet 
absorption spectra of the phenolic compounds in buffered solutions for periods of up to 72 h veri fi ed 
that while (−)-catechin remained stable at all pH values, phenolic acids like gallic acid or chlorogenic 
acid were not stable at a high pH  [  55  ] . The resistance of (−)-epicatechin and (+)-catechin to acid deg-
radation has also been veri fi ed in an environment simulating gastric  fl uid, with the losses amounting 
to 8–11% and 7–8%, respectively  [  56  ] . Similar results have been observed for (−)-epicatechin present 
in a freshly prepared green or black tea infusion that was incubated with hydrochloric acid to pH 2.0 
at 37°C for 1 h and which found the concentration of (−)-epicatechin to decrease by 7% in green tea 
but not to change in black tea. In contrast, alkalinization of the brews with sodium bicarbonate to pH 
7.5 and incubation at 37°C led to losses in both types of teas that increased with the length of the 
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incubation and reached 34% for green tea and 48% for black tea after 1 h  [  57  ] . In contrast, an in vitro 
investigation by Zhu et al.  [  58  ]  examining the stability of cocoa monomers (i.e., (−)-epicatechin and 
(+)-catechin) and dimers (i.e., dimer B2 = epicatechin-(4  b  -8)-epicatechin and dimer B5 =  epica techin
-(4  b - 6)-epicatechin) in simulated gastric and intestinal juice and at different pH values veri fi ed that 
the dimers were less stable than the monomers at both acid and alkaline pH and that incubation of 
dimer B2 and dimer B5 in simulated gastric juice (pH 1.8) or acidic pH resulted in their degradation 
to (−)-epicatechin and interconversion of one dimer to the other, respectively. On the other hand, 
incubation of all four compounds in simulated intestinal juice or at alkaline pH led to their complete 
degradation within several hours. The study concluded that the amount and type of  fl avanols and 
procyanidins present in cocoa will determine their stability in the gastrointestinal tract as well as in 
acidic and alkaline environments. Although con fi rmatory evidence of the hydrolysis of cocoa procya-
nidin oligomers to monomers and dimers due to the acidic conditions in the stomach has been achieved 
by Rios et al.  [  59  ]  through incubation studies of procyanidin oligomers, ranging in size from dimer to 
hexamer, in simulated gastric juice (pH 2.0) at 37°C for up to 3.5 h, this conclusion is not universally 
shared. Indeed, a study in which gastric juice was periodically collected to exhaustion through naso-
gastric sampling from human subjects that had consumed 500 mL of a cocoa beverage containing 
733 mg procyanidin polymers and 351 mg structurally related  fl avanol monomers showed no evi-
dence of procyanidin hydrolysis in vivo when analyzed by a stability-indicating HPLC method  [  59  ] . 
The apparent discrepancies may stem from differences in proton concentration dictated by the dura-
tion of exposure to acidic conditions, being shorter (<50 min) in vivo than in vitro (1–3.5 h), and by 
the degree of acidity, being lower in vivo (pH 5.4) as a result of the buffering effect of the food bolus 
on the originally high basal acidity (pH 2) than under in vitro conditions, thus making the use of simu-
lated gastric use an inappropriate model for studying the fate of procyanidins in vivo  [  59  ] . Similar 
conclusions were reached in a study in rats that found that the procyanidin dimer B3 and grape seed 
procyanidins having a higher degree of polymerization were neither converted to monomers nor gave 
rise to dimer that could be identi fi ed in plasma or urine  [  60  ] . 

 In summary, it is apparent that monomeric  fl avanols are relatively stable in an acid environment 
such as that of the stomach, in the alkaline surroundings of the intestine, and in buffered media of pH 
up to 11. In contrast, procyanidins appear to be impervious to acid up to a pH ~ 6.5, beyond which they 
may start to undergo degradation to monomeric  fl avanols, with the extent of the degradation increas-
ing proportionally to an increase in pH.  

   The Interaction of Chocolate and Cocoa Polyphenols with the Intestinal Flora 

 There is abundant evidence to suggest that gut microbes play an important role in the potential health 
bene fi ts of dietary polyphenols in humans, especially of those that are not well absorbed in the upper 
gastrointestinal tract and remain in the colon  [  61  ] . In the particular case of cacao and cacao products, 
it is apparent that, in addition to genetic, microbial, and dietary factors, the bioavailability of the poly-
phenols may be in fl uenced by food-related factors such as the food processing conditions  [  27  ] , the 
food matrix  [  52  ] , and additional concurrently consumed food product  [  62  ] , and by physicochemical 
properties of the polyphenols such as molecular weight, stereochemistry, number of hydrogen bond 
donor and acceptor groups, lipophilicity, solubility, and pKa  [  52,   63, 64  ] . Additionally, intra- and 
interindividual variations of colonic microbiota among humans may be the result of differences 
imposed by age, disease, stress, medication, and nutritional status and may directly impact on the type 
and quantity of metabolic products to be found in biological samples  [  65,   66  ] . 

 In cacao, only a small proportion of  fl avan-3-ols occur as C-  [  36,   41  ]  and  O -glycosides  [  27,   40  ] , with 
the majority being present unlinked to a carbohydrate moiety. For this reason, the release of the most 
abundant cacao polyphenols from their matrices following mastication will not require a preliminary 
deglycosylation step by brush border or microbial enzymes. Furthermore, monomers such as (+)-catechin 
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and certain catechin oligomers such as procyanidins will be expected to be absorbed by intestinal cells by 
passive diffusion, with metabolic transformations taking place during the course of their uptake into the 
intestinal epithelium and later in the liver  [  65,   67  ] . Consequently, only free catechins will be found in 
plasma or urine along with conjugates of glucuronic acid and sulfate and with  O -methylated metabolites 
arising from hepatic/intestinal metabolism  [  52  ] . In contrast, any polyphenol undergoing enterohepatic 
circulation or remaining unabsorbed from the intestinal tract will pass into the large intestine and become 
the subject of fecal excretion. Based on the results of studies demonstrating the poor oral bioavailability 
of cacao polyphenols  [  52,   64  ]  and taking into account the low recovery of the parent compounds from 
feces, it has been suggested that polyphenols are extensively metabolized or degraded by the intestinal 
micro fl ora, especially in the colon  [  52,   67  ] , to metabolites that after reaching the plasma and becoming 
circulated are eventually excreted in the urine  [  53,   66,   68  ] . 

 Since the pioneering work of Booth et al.  [  69  ]  in the mid-1950s, describing the formation of 
3,4-dihydroxyphenylacetic acid,  meta -hydroxyphenylacetic acid, and homovanillic acid upon  fi ssion 
of the heterocyclic, oxygen-containing, ring C    of  fl avonols in humans and laboratory animals, numer-
ous studies have clearly established a role for the intestinal microbiota in mediating these and other 
types of metabolic degradation in mammals  [  70,   71  ] . The most compelling evidence of the central role 
of the intestinal micro fl ora in the metabolic breakdown of  fl avonoids was to  fi nd suppression of ring 
C  fi ssion  of (−)-catechin in guinea pigs  [  72  ]  and of (+)-catechin in the rat  [  73  ]  by an oral pretreatment 
with an antibiotic. This conclusion was supported by the results of a parallel study that found (+)- catechin 
not to generate  meta -hydroxyhippuric acid when administered by the parenteral route  [  74  ] . 

 Current understanding of the involvement of gut microbes in polyphenol conversion within the 
intestinal tract has been greatly facilitated by the use of model compounds, the identi fi cation of 
speci fi c gut microbes, and in vitro incubation with human fecal or animal cecal suspensions  [  61,   75  ] . 
In the colon, monomeric catechins are known to undergo ring  fi ssion and to be converted to phenolic 
acids and phenyl lactone derivatives. Although more than ten metabolites have been identi fi ed in 
human urine, 3-hydroxyphenylpropionic acid, 5-(3,4-dihydroxyphenyl)- g -valerolactone, and 
5-(3-hydroxyphenyl)- g -valerolactone appear to be the major ones and to be excreted in the free form 
or as conjugates of glucuronic acid and, to lesser extent, of sulfate  [  76  ] . Further proof of the ability of 
microbes to catabolize  fl avan-3-ols has been gathered by incubating (−)-epicatechin with a suspension 
containing a mixture of intestinal bacteria from human (HIB) or rat (RIB) origin for periods of up to 
48 h. Complete degradation was observable by 12 h with HBS and by 24 h with RBS, with the time 
course of the degradation entailing an initial reductive scission of ring C of the catechin (compound  1 ), 
due to the presence of a free  para -hydroxyl group (C 

4
 −OH) in the catechin, to form an intermediate 

exhibiting a phloroglucinol moiety at ring A (compound  2 ) which can sequentially become  para -
dehydroxylated in ring B to the 5 ¢ -monophenol (compound  3 ), then decarboxylated at ring A to yield 
a (4 ¢ 5 ¢ -dihydroxyphenyl)-3-propan-2-ol which, upon lactonization, converts to 4 ¢ ,5 ¢ -dihydroxyphe-
nyl- g -valerolactone (compound  4 )  [  75  ] . Subsequently,  para -dehydroxylation of the catecholic lactone 
or decarboxylation of the phloroglucinol part (ring A) of the  para -dehydroxylated phloroglucinol 
intermediate will yield 5 ¢ -phenylhydroxy- g -valerolactone (compound  5 ). In turn, microbial hydrolytic 
 fi ssion of  4  and  5  will yield the corresponding 4 ¢ ,5 ¢ -dihydroxylphenylbutyric (compound  6 ) and 
5 ¢ -hydroxyphenyl-butyric (compound  7 ) carboxylic acids, respectively, with  6  also converting to  7  
upon  para -dehydroxylation and  7  undergoing 5 ¢ - O -methylation to form  8 . More  drastic ring scission 
of  4  and  5  may account for the formation of the corresponding 4 ¢ ,5 ¢ - and 5 ¢ -hydroxyphenylpropionic 
acids  9  and  10 , respectively  [  75  ] . 

 Several human studies have assessed the role of the intestinal micro fl ora on the formation of low 
molecular weight phenolic acid metabolites from cocoa polyphenols. In a typical study, human adult 
volunteers consumed a test meal consisting of 80 g of a  fl avanol-rich chocolate with bread and water, 
and urine samples were periodically collected for between 3 and 48 h after the test meal. Subsequent 
HPLC–electrospray ionization tandem mass spectrometry (HPLC-EI-MS) analysis of the urine 
samples identi fi ed  meta -hydroxyphenylpropionic acid, ferulic acid, 3,4-dihydroxyphenylacetic acid, 
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 meta -hydroxyphenylacetic acid, phenylacetic acid, vanillic acid,  meta -hydroxybenzoic acid, 
 para -hydroxybenzoic acid,  para -hydroxyhippuric acid, and hippuric acid  [  77  ] . In another study, use 
of liquid chromatography (LC)–MS/MS to analyze urine samples from human volunteers and rats 
orally fed a soluble natural cocoa powder in water (40 g/250 mL and 4.8 g/kg/day, respectively) pro-
vided a rather comprehensive view of the types and quantities of phenolic acid metabolites. In human 
volunteers, caffeic acid, ferulic acid, 3-hydroxyphenylacetic acid, vanillic acid, 3-hydroxybenzoic 
acid, 4-hydroxyhippuric acid, hippuric acid, (−)-epicatechin, and procyanidin B2 were found to be 
signi fi cantly increased after 24 h of consuming cocoa, with the increases showing large interindivid-
ual differences  [  78  ] .    In rats, however, the pattern of increases in phenolic acid metabolites was slightly 
different, with the increases including 3,4-dihydroxyphenylpropionic acid,  meta -coumaric acid, 
3-hydroxyphenylacetic acid, protocatechuic acid, vanillic acid, and (−)-epicatechin. In addition, sup-
plementing the rat diet with 10% (w/w) natural cocoa powder also raised the levels of caffeic acid, 
3-methoxy-4-hydroxyphenylacetic acid, 3-hydroxybenzoic acid, enterolactone, and procyanidin B2, 
and made those of  meta -coumaric acid, caffeic acid, 3-hydroxyphenylacetic acid, protocatechuic acid, 
vanillic acid, 3-hydroxybenzoic acid, enterolactone, (−)-epicatechin, and procyanidin B2 greater for 
the 10% w/w natural cocoa diet  [  78  ] . In general, these results point to the existence of major differ-
ences among phenolic acids bearing hydroxyl groups at both the C3 and C4 positions or only at the 
C3 position. 

 Through the use of a pH-controlled, stirred, batch-culture fermentation system re fl ective of the 
distal region of the human large intestine, it has been veri fi ed that both (−)-catechin and (+)-epicate-
chin are converted to 5-(3 ¢ 4 ¢ -dihydroxyphenyl)- g -valerolactone, 5-phenyl- g -valerolactone, and phe-
nylpropionic and that the formation of these metabolites from (+)-catechin required its initial 
conversion to (+)-epicatechin  [  79  ] . 

 Experimental work relying on the anaerobic incubation of (3 R )- and (3 S )- fl avan-3-ols and their 
3- O -gallates with the human intestinal bacterium,  Eubacterium  ( E. ) sp. strain SDG-2, has found this 
bacterium to demonstrate metabolic stereoselectivity towards each substrate. On the one hand,  E. sp  strain 
SDG-2 was able to cleave ring C of (3 R )- and (3 S )- fl avan-3-ols to give 1,3-diphenylpropan-2-ol deriv-
atives, but not that of their 3- O -gallates, and on the other, it was shown to  para -dehydroxylate ring B 
of the (3 R )- fl avan-3-ols (−)-catechin, (−)-epicatechin, (−)-gallocatechin, and (−)-epigallocatechin, 
but not of that of the (3 S )- fl avan-3-ols (+)-catechin and (+)-epicatechin  [  80  ] . These results suggest 
that degradation of a  fl avan-3-ol depends on the presence of a C 

4
 –OH, that 3-O-methylation of (+)-cat-

echin will make this compound resistant to degradation by RIB, and that differences in the rate of 
degradation by HIB and RIB may result from differences in the type and number of bacteria present 
in the intestinal tract of each species  [  75  ] . The identi fi cation of additional metabolic products by 
human colonic microorganisms have been achieved with the help of an ex vivo experimental model 
and a stability-indicating HPLC method. In this manner, 3,4,5-trihydroxyphenyl- g -valerolactone and 
3,4-dihydroxyphenyl- g -valerolactone were identi fi ed as metabolites of (+)-catechin and (−)-epicatechin, 
following a 24-h anaerobic incubation of each  fl avanol with fresh ileostomy  fl uid  [  81  ] . The increased 
appearance of hippuric acid in the urine and feces following the ingestion of (+)-catechin by rats has 
been taken as evidence of subsequent  b -oxidation of the phenolic acids generated by microbial metab-
olism and eventual hepatic conjugation of the resulting benzoic acid with glycine  [  74,   82  ] . 

 Further proof of microbial stereoselectivity has been suggested by the work of Aura et al.  [  65  ]  who 
detected the transient formation of 3,4-dihydroxyphenylpropionic acid in incubation samples of 
(+)-catechin, but not of (−)-epicatechin, with fecal suspension from healthy human donors under strict 
anaerobic conditions. In the same study, although both (+)-catechin and (−)-epicatechin yielded 
3-hydroxyphenylpropionic acid and 3-phenylpropionic acid, the concentrations originating from each 
 fl avanol were not the same during the  fi rst 8 h of incubation. The extents of fermentation of (+)-catechin 
and (−)-epicatechin were 91.4% and 69.8%, respectively, at the end of 24 h. 

 An indication on the variability of the microbial metabolic products as a function of the bacterial 
species and on whether the microbe originates from humans or animals has also been documented  [  83  ] . 
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By comparing the urinary metabolic products arising from the biotransformation of a monomeric 
 fl avan-3-ol among different animal species in the absence and presence of an antibiotic, it has been 
possible to conclusively establish the participation of intestinal bacteria at an early stage in the degra-
dative pathway and have, at the same time, revealed the existence of qualitative and quantitative dif-
ferences in metabolic products among different animal species  [  83  ] . For instance, the feeding of 
(+)-catechin to guinea pigs led to the urinary excretion of detectable amounts of  meta -hydroxyphenyl-
propionic acid, a compound that was present in only trace amounts in rats  [  74  ] . In rabbits, a similar 
treatment resulted in the production of vanillic acid and protocatechuic acid  [  84  ] , products that were 
not detected in the urine of guinea pigs  [  83  ] . By changing the bacterial species, salient difference 
between the types of metabolites that may originate from the biotransformation of a given  fl avan-3-ol 
as a function of the type of microorganism has also been reported. While rat fecal extracts can convert 
(+)-catechin to  meta -hydroxyphenylpropionic acid  [  85  ] , conversion by rabbit intestinal microorgan-
isms was primarily to 5-(3-hydroxyphenyl)-valeric acid and secondarily to 5-(3,4-dihydroxyphenyl)-
valeric acid  [  70  ] . Cultures of  Lactobacillus hilgardii  isolated from red wines and grown in the presence 
of (+)-catechin were shown to contain the parent compound along with gallic acid, pyrogallol, cate-
chol,  para -hydroxybenzoic acid, acetovanillone, and homovanillic acid  [  86  ] . A closer look at the role 
of the stereochemistry of the hydroxyl group at C-2 of the  fl avan-3-ol structure and of the source of 
the microbial inoculum in polyphenol microbial metabolism has been obtained by using (+)-catechin 
and (−)-epicatechin and fecal bacteria originating from two different groups of donors. Moreover, the 
ring  fi ssion site changed by changing the source of the microbial inoculum, but dehydroxylation, was 
found to proceed in similar manner regardless of the source of the inoculum  [  66  ] . 

 Together with monomeric  fl avan-3-ols like (+)-catechin and (−)-epicatechin, the oligomers and 
polymers of  fl avan-3-ols variously designated as procyanidins represent an additional group of 
 polyphenolic compounds that might also contribute to the health bene fi ts of chocolate  [  87–  89  ] . 
Procyanidins from fresh cocoa beans are predominantly dimers to decamers, but their content varies 
widely among commercial cocoas and chocolates since they may precipitate during the fermentation 
and processing of the beans  [  90  ] . Like the catechins, cacao procyanidins appear to be potential candi-
dates for metabolism by the gut micro fl ora because of much lower intestinal absorption than mono-
meric  fl avan-3-ols  [  91  ] , especially when they are larger than trimers  [  92  ] . The inverse relationship 
between the extent of passage through the gut mucosa and the degree of polymerization would predict 
a high likelihood of microbial metabolism. The correctness of this assumption has been corroborated 
to a large extent by in vitro fermentation techniques. For example, the incubation of dimeric procya-
nidins, isolated from a commercial grape seed extract product, with human fecal microbiota for up to 
24 h, disclosed the formation of 2-(3,4-dihydroxyphenyl)acetic acid and 5-(3,4-dihydroxyphenyl)-  g  -
valerolactone as the major metabolites and of 3-hydroxyphenylacetic acid, 4-hydroxyphenylacetic 
acid, 3-hydroxyphenylpropionic acid, phenylvaleric acids, monohydroxylated phenylvalerolactone, 
and 1-(3 ¢ ,4 ¢ -dihydroxyphenyl)-3-(2″,4″,6″-trihydroxyphenyl)propan-2-ol as minor products. Also, 
this study provided further support to the previously held view that the degradation pathway of 
 procyanidins is partly different from that of monomeric  fl avan-3-ols  [  91  ] . The existence of a similar 
degradative pathway for procyanidin polymers with an average degree of polymerization of six has 
also been veri fi ed in vitro. In this case, incubation of human colonic micro fl ora with nonlabeled and 
 14 C-labeled puri fi ed procyanidin polymers under anoxic conditions led to complete degradation of the 
polymers after 48 h to products such as phenylacetic, phenylpropionic, and phenylvaleric acids, 
monohydroxylated mainly in the  meta  or  para  position, in yields that were similar to those previously 
reported for  fl avanol monomers  [  92  ] . 

 Although procyanidins may be hydrolyzed to their constitutive monomers during their passage 
through the gastrointestinal tract, their catabolism by the gut micro fl ora may not be entirely identical. 
Indeed, when the action of human fecal microbiota on (–)-epicatechin was compared with that of its 
dimer pure procyanidin B2 using a static in vitro culture model and extracts from the fermentation 
broth were analyzed for composition,  fi ve phenolic metabolites that were unique to the procyanidin 
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and ten phenolic acids that were common to both substrates were identi fi ed. The dominant catabolites, 
detected at or after a 24-h incubation, were 5-(3 ¢ -hydroxyphenyl) valeric acid, 3-(3 ¢ -hydroxyphenyl)
propionic acid, and phenylacetic acid. Procyanidin B2 was degraded twice as fast as (−)-epicatechin, 
and not more than ~10% of it was converted to (−)-epicatechin. Additional  fi ndings were the isolation 
of two previously unreported catabolites of procyanidin B2 showing retention of the  fl avanol ring A 
and the C4–C8 intermonomer bond, con fi rmation that microbial catabolism favors the removal of the 
4 ¢ - rather than of the 3 ¢ -hydroxyl group, and occurrence of both  a -oxidation and  b - oxidation during 
the breakdown  [  93  ] . Somewhat different results were achieved by van’t Slot and Humpf  [  94  ]  using an 
ex vivo model based on the intestinal microbiota isolated from the cecum of freshly slaughtered pigs 
and which is rather similar in composition to that of the human intestine. These authors found that 
incubation of procyanidin B2 with freshly collected cecal inoculum at 37°C for periods of 20 min to 8 h 
resulted in degradation of the test compound to phenolic carboxylic acids (mainly 4-hydroxybenzoic 
acid), with lesser amounts of 3,4-dihydroxyphenylpropionic acid and 4-hydroxyphenylacetic acid, and 
with 3,4-dihydroxyphenylpropionic acid only transiently being detected at 1 h)    and phloroglucinol, 
but not to monomeric  fl avan-3-ols. The disappearance of the procyanidin after 4–8 h was related to its 
binding to proteins  [  94  ] . 

    Another interesting aspect of the polyphenols–microbiota relationship is the ability of the polyphe-
nols to modulate the composition and activity of the gut microbiota. This ability appears to vary rather 
widely among different bacteria since experiments with (+)-catechin in rats have shown that this 
 fl avanol was able to inhibit the growth of some species, to enhance the growth of others, and to be 
without effect on a few under in vitro and in vivo conditions  [  79  ] . Long-term ingestion of phenolics 
like those present in cocoa may produce changes in the bacterial population of humans and rodents 
and, hence, in the levels of metabolites detected in the urine. This is the case of cocoa phenolics such 
as (−)-epicatechin and (+)-catechin which have shown the ability to signi fi cantly repress the growth 
of  Clostridium dif fi cile  and  Bacteroides spp. , whereas commensal anaerobes such as  Clostridium  spp .  
and  Bi fi dobacterium  spp. were less severely affected  [  95  ] . The absence of a common effect on differ-
ent microbial species was also observed in another study in which an incubation of selected members 
of the intestinal microbiota with (+)-catechin resulted in a signi fi cant increase in the growth of the 
 Clostridium coccoides–Eubacterium rectale  group, of  Bi fi dobacterium  spp. and of  Escherichia coli  
but in inhibition of the growth of  Clostridium histolyticum   [  78,   96  ] . In addition, a change in the popu-
lation of bacteria towards tannin-resistant Gram-negative species (i.e.,  Enterobacteriaceae  and 
 Bacteroides ) has been reported after a 3-week administration of condensed tannins to rats  [  78  ] . 
Therefore, the long-term ingestion of cocoa phenolics may have produced changes in the bacterial 
population of volunteers which may account for the differences in the urine metabolic pro fi le relative 
to the results reported by Rios et al.  [  77  ] . In this context, Gu et al.  [  97  ]  indicated that while the urinary 
excretion of 3-hydroxyphenylpropionic acid was high in rats fed a high amount (20–40% of the diet) 
of sorghum bran over 50 days, the changes in the concentration of hydroxyphenylacetic acid were 
inversely related to the extent of dietary supplementation with sorghum bran, namely, to be high with 
a low supplementation and low with a high supplementation.  

   The Metabolism of Chocolate and Cocoa Polyphenols 

   The Metabolism of Monomeric Flavanols 

 Data in support of the biotransformation of  fl avanols and other  fl avonoids in the small intestine and 
colon of the gastrointestinal tract as well as of hepatic metabolism are plentiful. In the oral cavity, 
monomeric  fl avanols like (+)-catechin and (−)-epicatechin and procyanidin oligomers (dimers to hex-
amers) appear to be impervious to the action of saliva, with the same outcome being observed in the 
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esophagus  [  98  ] . Studies with a    cocoa beverage have shown that in the gastric lumen, both monomeric 
 fl avanols and oligomeric procyanidins appear to be rather stable in spite of the existence of in vitro 
data indicating that at a pH comparable to that of the stomach,  fl avanol oligomers like those present 
in cacao bean products may undergo degradation to (−)-epicatechin units or to epicatechin- containing 
oligomers of a smaller size than those originally present in a cacao-derived food item  [  98  ] . The rate 
and extent of absorption from the digestive tract are found to depend on solute characteristics such as 
molecular size, stereochemistry, lipophilicity, and binding af fi nity for food matrix proteins. Additional 
determining factors may be luminal pH, gastric and intestinal transit time, mucosal membrane perme-
ability, and, in some instances, hepatic  fi rst-pass effect. An understanding of the events surrounding the 
uptake into and diffusion through jejuna and ileal enterocytes has been greatly facilitated by the use of 
a small intestine perfusion model since it allows for solute biotransformations analogous to those tak-
ing place when the  fl avanols transverses speci fi c segments of the digestive tract to reach the mesenteric 
circulation. With this experimental model, the serosal side after perfusion of the jejunum with (−)-epi-
catechin contained the glucuronides at the C5 and C7 positions of the  fl avanol ring A together with high 
levels of the 3 ¢ - O -methylated and 4 ¢ - O -methylated metabolites as well as the 5 ¢ - and 7 ¢ -glucuronides of 
the 3 ¢ - O -methylated and 3 ¢ - O -nonmethylated (−)-epicatechin  [  99,   100  ] . In this model, ileal metabolism 
was less and the amount of intact monomeric catechin greater relative to results with the jejunum. 
Although similar results have been reported for (−)-catechin added to the perfusate of ileal and jejunal 
preparations, only the glucuronide conjugate and 3 ¢ - O -methyl metabolite, but no intact parent com-
pound, were detected in the mesenteric circulation  [  101  ] . 

 In vivo, (+)-catechin and (−)-epicatechin are directly absorbed in the jejunal part of the small intes-
tine, where they are  O- methylated, glucuronidated, and  O -methylated glucuronidated before they are 
taken to the liver by the portal vein for further metabolism to methyl, glucuronide, and sulfate deriva-
tives  [  102  ] . These forms pass into the bile through the enterohepatic circulation to reach the duode-
num, from where they may make their way into the colon, where, together with procyanidins that may 
have escaped small intestinal absorption, will be subjected to metabolic degradation by the intestinal 
microbiota. Interestingly, however, considerable variation seems to surround the identity and number 
of the metabolites that have been detected in the plasma, urine, and bile samples. This apparent lack 
of uniformity have been related to differences in the analytical method used to detect the metabolites, 
the use or omission of enzymatic sample treatment, and the dose of polyphenol or food product 
used  [  103  ] .  

   The Metabolism of (+)-Catechin 

 Early efforts to decipher the absorption, metabolism, and excretion of chocolate and cocoa mono-
meric catechins in mammals were based on the parenteral administration of a single dose of radiola-
beled compounds like (+)-[U- 14 C]-catechin and (+)-[ring A- 14 C]-catechin, followed by the isolation of 
urinary metabolites for the measurement of tracer incorporation  [  83  ] . In addition, the distribution of 
the radioactivity allowed the assessment of the preferential entry of the catechin and its metabolites 
into particular tissues and biological  fl uids  [  83,   104  ] . An alternative approach was to treat a suitable 
animal species  fi rst with a single oral dose of a  fl avan-3-ol in admixture with a standard animal diet 
and in the following days to maintain the animal on a standard diet. In human studies, the catechin 
compounds were administered orally, usually as a capsule, with water and after breakfast. To mini-
mize interference by dietary phenolic acids, the volunteers were placed on a common restricted diet 
for the duration of the study  [  105  ] . In general, the bulk of the early  fi ndings re fl ected the direct 
involvement of the intestinal microbiota in the generation of an abundance of metabolic products, 
mainly phenols, phenolic acids, and phenyl lactones, and the utility of in vitro fermentation studies as 
a con fi rmatory tool  [  65,   66  ] . 
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 Over the years, considerable information has accumulated on the mechanisms underlying the 
biotransformations of monomeric polyphenols in humans and animals, aided immensely by the advent 
of more powerful, sensitive, and selective analytical instrumentation and techniques. In the particular 
case of cacao product polyphenolics, this task has been greatly facilitated by the combined use of 
in vitro and in vivo approaches and recognition of the contribution made by the native intestinal 
micro fl ora. Earlier studies on the metabolism of both (+)-catechin and (−)-catechin were based on the 
use of laboratory animals and on comparisons of the metabolic pro fi les with those derived from 
humans. For example, the fate of (+)-catechin was studied by Das and Grif fi ths  [  83  ]  in the rat and 
guinea pig by intragastrically administering (+)-[U- 14 C]-catechin or (+)-[ring A- 14 C]-catechin and col-
lecting respired CO 

2
  and urine samples for up to 4 days and feces for 2 days. The amount of total 

radioactivity excreted in a 24-h urine sample after feeding (+)-[U 14 C]-catechin, as a percentage of the 
administered dose, was ~52% in the rat and ~63% in the guinea pig, and in the case of [ring A- 14 C]-
catechin amounted, respectively, to 54.5% and 55%. Radioautography of fecal extracts from rats 
receiving (+)-[U- 14 C]-catechin revealed radioactive areas in positions corresponding to  d -(3-
hydroxyphenyl)- g -valerolactone and  d -(3,4-dihydroxyphenyl)- g -valerolactone and scintillation count-
ing detected 1.3–1.5% of the dose undergoing fecal elimination. After the administration of [ring 
A- 14 C]-catechin to rats, 0.56–0.61% of the dose was excreted in the feces over a 2-day period, and 
radioautography detected the presence of labeled  d -(3-hydroxyphenyl)- g -valerolactone and  d -(3,4-
dihydroxyphenyl)- g -valerolactone in fecal extracts. In contrast, feces from guinea pigs showed a low 
total radioactivity following the administration of (+)-[U- 14 C]-catechin, namely, 0.07–0.12% of the 
administered dose, although higher radioactivities were detected after giving [ring A- 14 C]-catechin. In 
both instances, no phenyl valerolactones were detected in the feces. It is evident that the major portion 
of the  14 C-related radioactivity administered to both guinea pig and rat is excreted in the urine and 
breath over the period of examination, with only a small amount appearing in the feces, possibly as 
result of the short (48 h) collection period, and unaccounted balance possibly present in the intestinal 
tract and as tissue constituents derived from  14 CO 

2
 . 

 Furthermore, Das and Sothy  [  106  ]  examined the biliary and urinary excretion of (+)-catechin in 
normal male rats after a single intravenous injection of (+)-[U- 14 C]-catechin. Large amounts of  14 C, 
amounting to 44.5% of the dose, were excreted in the bile as three unconjugated metabolites and two 
glucuronide conjugates, one of which was a (+)-catechin conjugate. In both the urine and bile, the 
metabolites showed maximum excretion between 30 and 90 min after dosing with [ 14 C]-catechin. 
The metabolites, identi fi ed as  meta -hydroxyphenylpropionic acid,  para -hydroxyphenylpropionic 
acid,  d -(3-hydroxyphenyl)- g -valerolactone, and  d -(3,4-dihydroxy- phenyl)-  g -valerolactone and origi-
nating from the action of intestinal microorganisms on bile duct-excreted metabolites of (+)-catechin, 
undergo reabsorption into the portal circulation and later excretion in the urine. These metabolites were 
not detected in bile from rats having the common bile duct cannulated. From these results, it was con-
cluded that biliary excretion represents an alternative pathway for the excretion of metabolites of intra-
venously administered (+)-catechin. At the same time, these results con fi rmed those arrived in a previous 
study that found that the incubation of rat intestinal contents with (+)-catechin in vitro resulted in the 
formation of the same phenolic acid and lactone metabolites  [  107  ] . 

 An additional study by Das  [  107  ]  in human volunteers disclosed interspecies metabolic similarities 
and differences. The oral dosing with (+)-catechin-containing capsules resulted in absorption, rapid 
metabolism, and excretion of the compound in the urine largely within 24 h. Out of 11 (+)-catechin 
metabolites detected in the urine, the major metabolites were meta-hydroxyphenylpropionic acid, a 
phenolic acid, and the lactones  d -(3,4-dihydroxyphenyl)- g -valerolactone and  d -(3-hydroxyphenyl)- g -
valerolactone. The phenolic compounds appeared in the urine as both free and conjugated forms, 
mainly as glucuronides and less as sulfates. While meta-hydroxyphenylpropionic acid has also been 
found in rat urine  [  74  ] ,  meta -hydroxybenzoic acid, the major urinary metabolite of (+)-catechin in 
the guinea pig  [  72  ] , and vanillic acid and protocatechuic acid detected in the urine of rabbits fed 
(+)-catechin  [  84  ]  were not detected in human urine. Several phenyl- g -valerolactones, earlier reported 
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to be present in rat and guinea pig urine  [  72  ] , were also found in rabbit urine  [  84  ] . Furthermore, 
 several unidenti fi ed compounds, totaling six, were absent in the urine of rat and guinea pig. These 
interspecies differences suggest that in man, the breakdown of (+)-catechin may occur differently 
from those reported for the guinea pig and rat  [  72,   74,   83  ] . The absorption of (+)- catechin in the gas-
trointestinal tract occurred as early as 6 h after the oral administration of the compound and appeared 
in the urine together with several unidenti fi ed metabolites, both in the free and conjugated forms. The 
amount excreted in the urine within 24 h was about 7.5% of the administered dose. Unchanged 
(+)-catechin, totaling up to about 18.6% of the administered dose, appeared in feces collected at 48 h 
together with  meta -hydroxyphenylpropionic acid and an unidenti fi ed metabolite. The rise in phenolic 
levels in the blood occurred as early as 6 h after the oral administration of (+)-catechin and paralleled 
the rise in urinary excretion of phenolic compounds. 

 To ascertain the metabolizing role of both the small intestine and liver, Donovan et al.  [  101  ]  
 examined the absorption of different concentrations of (+)-catechin (ranging from 1 to 100  m M/L) in 
the rat using an in situ perfusion of the jejunum and ileum technique. In addition to a concentration- 
dependent absorption of catechin in a 30-min period, the presence of only intact compound in the 
ef fl uent ruled out intestinal excretion of metabolites as a mechanism of (+)-catechin elimination. 
Furthermore, the absence of intact (+)-catechin and the presence of the glucuronides of catechin and 
of 3 ¢ - O -methyl-(+)-catechin in plasma from mesenteric vein blood pointed to the absorption of 
(+)-catechin into enterocytes and to its metabolism within. Additional methylation and sulfation of 
3 ¢ - O -methyl catechin for excretion in the bile were observed in the liver. Circulating forms were the 
glucuronides of catechin and 3 ¢ - O -methyl catechin. By using an isolated rat liver perfusion system, it 
was determined that the activity of hepatic sulfotransferases can lead to the formation of three sul-
fated catechin metabolites, the sulfate–glucuronide and two sulfates  [  108  ] . However, sulfation at the 
intestinal level is also a possibility since both human intestinal cytosolic sulfotransferases and recom-
binant human sulfotransferases were later shown to sulfate either (+)-catechin or (−)-epicatechin 
in vitro  [  109  ] . 

 After the administration of a single dose of (+)-[U 14 C]-cyanidanol-3, a commercial product of 
(+)-catechin, to human volunteers, a mean of 55% of the dose of  14 C was found in the urine, with 90% 
of the urine  14 C becoming excreted within 24 h of the administration. Major urinary metabolites were 
the glucuronides of (+)-catechin and 3 ¢ - O -methyl-(+)-catechin, and the sulfate of the latter, which 
collectively accounted for 75% of the urine  14 C. Urinary excretion of unchanged (+)-catechin was 
 £ 1.4% of the dose and became apparent between 30 min and 12 h after administration. Metabolites 
representing products of ring C scission were present in only trace amounts and were identi fi ed as 
3-hydroxybenzoic acid, 3-hydroxyhippuric acid, and 3-hydroxyphenylpropionic acid. Labeled metab-
olites remained in the plasma for at least 120 h after administration  [  110  ] . The same laboratory inves-
tigated the role of the 3-OH group in the metabolic disposal of a catechin by treating rats with 
3-palmitoyl-(+)-[U- 14 C]-catechin by the oral route and examining the urine and feces for radioactivity 
and metabolites  [  111  ] . In a period of 17 days following dosing, 63% of the  14 C dose was excreted in 
the urine, 24% in the feces, and 7% as  14 CO 

2
 , with 3.7% of the dose of  14 C persisting in tissues after 

28 days. Biliary excretion accounted for 28.2% of the dose at 48 h after dosing, and 3 ¢ - O -methyl-(+)-
catechin glucuronide was identi fi ed as the major metabolite in bile. These experiments also demon-
strated the dependence of 3-palmitoyl-(+)-catechin on the presence of bile for its intestinal absorption 
and the resistance of this ester to degradation by intestinal microorganisms in vitro. Subsequent 
deesteri fi cation in plasma and liver yielded free (+)-catechin, which was then converted to the 
3 ¢ - O -methylated product in the liver. As a result, the most abundant urinary metabolites of the (+)-
ester were found to be the conjugates of (+)-catechin and 3 ¢ - O- methyl-(+)-catechin, with smaller 
amounts of ring scission products and  14 CO 

2
 , in all probability arising from biliary metabolites lacking 

the ester linkage since they were not excreted by rats with ligated bile ducts  [  111  ] . 
 The methylation of  fl avan-3-ol monomers at the 3-OH position has been established by in vitro 

and in vivo studies. In the rat, the oral administration of (+)-[U- 14 C]-catechin led to the detection 
of a major biliary metabolite, later shown to be the glucuronide of 3 ¢ -O-methyl-(+) catechin, by 
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HPLC–MS  [  112  ] . The enzymatic nature of the methylation and the participation of the liver were 
con fi rmed by isolating [methyl- 14 C]- O -methyl-(+)-catechin from an incubation medium that con-
tained either a liver homogenate or puri fi ed catechol- O -methyl-transferase (COMT) plus (+)-catechin 
and S-adenosyl-L-[methyl- 14 C]-methionine  [  112  ] . A similar conclusion was reached with the help of 
an extracorporeal pig liver preparation to which (+)-catechin had been added, and detecting the 
3 ¢ - O -methyl derivative in the perfusate  [  113  ] . Experiments in which rats were given 3- O- methyl-(+)-
catechin by the oral or intravenous routes indicated that this compound had been further methylated at 
the ring B 3 ¢ - (or 4 ¢ -)OH group to yield 3,3 ¢ - (or 4 ¢ -)dimethyl-(+)-catechin, which, in turn, was sub-
jected to conjugation with glucuronic acid and the product excreted both in the urine and bile  [  114  ] . 
Although intact 3- O -methyl-(+)-catechin was excreted in rat urine following parenteral, but not oral, 
administration, the amount was not signi fi cant. Following the parenteral administration of 3- O -[ 14 C]
methyl-(+)-catechin to the rat and marmoset, the excretion of radioactivity by both species was similar 
(approximately 50% in urine and 35% in feces) and different from the mouse, which excreted 79% of 
radioactivity in the urine and 22% in the feces. In all instances, more than 85% of the  14 C in bile was 
in the form of dimethylcatechin glucuronide, with the amounts of radioactivity being  ³ 50% in the 
urine and  £ 22% in the feces. These results indicated that biological methylation is the major route of 
3- O -methyl-(+)-catechin metabolism in all species investigated and that the compound does not 
undergo the ring  fi ssion associated with the parent compound (+)-catechin  [  114  ] . Methylation of the 
3 ¢ - O -position of (+)-catechin appears to be a reaction common to man and animals (including the rat, 
mouse, rabbit, pig, and marmoset), and which may be continued with the formation of the 3 ¢ - O- methyl-
(+)-catechin glucuronide and 3 ¢ - O -methyl-(+)-catechin sulfate as additional urinary metabolites  [  115  ] . 
Con fi rmatory evidence has also been derived from a study with human male volunteers that were 
given a single 2 g oral dose of radiolabeled 3 ¢ - O -methyl-(+)-catechin and their urine samples analyzed 
within 120 h of the administration for unchanged compound and metabolites. While the excretion of 
unchanged compound amounted to <0.8% of the dose, that of the glucuronides of 3,3 ¢ - O -dimethyl-
(+)-catechin was 15.8% and of the glucuronides and sulfates of 3 ¢ - O -methyl-(+)-catechin 11.4% and 
10.6% of the dose, respectively. 3 ¢ - O -Methyl-(+)-catechin was measurable in plasma for up to 12 h 
after administration. In comparison with mouse, rat, and marmoset, where the methylated derivatives 
of 3- O -methyl-(+)-catechin accounted for the entirety of the urinary metabolites, in man it only rep-
resented about 53%. Additionally, sulfate conjugation of 3 ¢ - O -methyl-(+)-catechin was observed in 
man but not in the other species  [  116  ] . The existence of common    metabolic pathways for (+)-catechin 
and 3- O -methyl-(+)-catechin has been con fi rmed in human volunteers, separately treated with these 
compounds, who were found to excrete the glucuronides of 3 ¢ - O -methyl-(+)-catechin and of 
3,3 ¢ - O -dimethyl-(+)-catechin, respectively, as the major urinary metabolites  [  117  ] . 

 In rats fed an animal diet supplemented with 0.25% (+)-catechin for 14 days, the plasma only con-
tained the glucuronides of catechin and 3 ¢ - O -methyl-(+)-catechin but neither free catechin nor free 
methylated catechin. About 90–95% of (+)-catechin was methylated in the liver, with about 80% of 
the original and methylated forms being present in the free forms. In comparison to the plasma levels 
of metabolites, those in the liver were markedly lower  [  118  ] . 

 The contributory role of the liver and biliary circulation to the disposal of (+)-catechin and its 
3 ¢ - O -methyl derivative has been investigated in rats with pharmacologically induced hepatitis. When 
(+)-[U- 14 C]catechin was intravenously administered to rats pretreated with  d -galactosamine, the bil-
iary and fecal excretion of (+)-catechin metabolites was shown to decrease and the renal excretion to 
increase relative to normal animals. Although the biliary metabolites were present in similar propor-
tions in  d -galactosamine-treated and in control animals, the level of 3 ¢ -  O  -methyl (+)-catechin 
sulfate was markedly decreased and that of the 3 ¢ - O -methyl-(+)-catechin glucuronide markedly 
increased  [  119  ] . The absence of a signi fi cant depressive effect of hepatitis on COMT activity was 
inferred from the similar overall excretion of 3 ¢ - O -methyl-(+)-catechin conjugates observed in rats 
with and without hepatitis. As a result of  d -galactosamine-induced hepatitis, glucuronidation of 
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(+)-catechin metabolites was depressed in liver perfusion experiments but enhanced in liver 
 homogenates. Parallel experiments with lung slices revealed that the lung may represent an extrahe-
patic site for the metabolism of (+)-catechin in  d -galactosamine hepatitis since they were not affected 
by  d -galactosamine as much as the liver  [  119  ] . The lack of a signi fi cant effect of experimental hepa-
titis on the overall ability of the rat to metabolize an intravenous dose of 3 ¢ - O -methyl-[ 14 C]-(+)-
catechin by methylation or glucuronidation in spite of a signi fi cant increase in metabolite excretion in 
the urine (by 36%) and signi fi cant decline (by 40%) in fecal excretion has also been documented. 
In addition, in bile duct-cannulated rats, the prior induction of hepatitis lowered the  14 C excretion 
(by ~20%) relative to control values. These data implied that as a result of hepatitis, biliary metabo-
lites reabsorbed from the intestine are preferentially excreted in the urine rather than reexcreted in the 
bile through an enterohepatic cycle as is the case of normal rats and that the plasma clearance of the 
metabolites of 3- O -methyl-(+)-catechin, but not of the parent compound, is altered  [  104  ] . An analo-
gous situation has been veri fi ed for the disposition and metabolism of (+)-cyanidanol-3 in human 
alcoholics with cirrhosis of the liver. Following the oral intake of a 2-g dose of U- 14 C-(+)-cyanidanol-3, 
this commercial form of (+)-catechin was detected in the plasma between 0.5 and 24 h after dosing, 
and the radioactivity associated with its metabolites, measured as  14 C levels, was still detectable in the 
urine at 120 h. In the average, 55% of the dose was excreted in the urine, predominantly as the 
glucuronide and sulfate conjugates of (+)-cyanidanol-3 and 3 ¢ - O -methyl-(+)-cyanidanol-3. Overall, 
however, the metabolic handling of (+)-catechin by the liver of cirrhotic patients was not signi fi cantly 
different from that by normal subjects  [  120  ] . 

 Harada et al.  [  121  ]  have studied the metabolism of orally administered (+)-catechin and 
(−) -epicatechin in rats. With the help of MS and nuclear magnetic resonance (NMR) analyses, these 
authors established the site of  b -glucuronidation of these  fl avanols by UDP-(beta) b - glucuronosyl 
transferase to be the 5-hydroxyl group in ring A. The higher plasma concentration of the 5- O - b -
glucuronide of (−)-epicatechin than that of (+)-catechin in the plasma was ascribed to the higher rate 
of intestinal absorption of the former compound than that of the latter. At variance with 3 ¢ - O -methylation, 
which has a small reducing effect (~1%) on antioxidant activity, 5- O - b -glucuronidation preserved the 
superoxide anion radical scavenging activity of both (−)-epicatechin and (+)-catechin.  

   Metabolism of (−)-Epicatechin 

 The metabolism and plasma antioxidant activity of (−)-epicatechin were investigated in rats by cor-
relating the levels of (−)-epicatechin metabolites with the oxidability of cholesteryl ester (CE) and 
 a -tocopherol depletion. To this effect, rats received an intragastrical dose of (−)-epicatechin (10 or 
50 mg/rat), and their plasma was collected at 1 h and 6 h after (−)-epicatechin administration and 
analyzed by reversed-phase HPLC with electrochemical detection. At 1 h, the plasma contained the 
glucuronide and glucuronide-sulfate conjugates of both (−)-epicatechin and 3 ¢ - O -methyl-(−)-
epicatechin, the levels of which decreased after 6 h to mostly the 3 ¢ - O -methylated form. Compared to 
the control group, the plasma obtained at 1 and 6 h after (−)-epicatechin administration was more 
resistant to copper sulfate (CuSO

4
) and 2,2 ¢ -azobis(2-amidino-propane) dihydrochloride (AAPH)–

induced oxidations on the basis of cholesteryl ester hydroperoxide (CE-OOH) accumulation and 
decrease in  a -tocopherol, which were much lower than in the plasma of control (nontreated) rats due 
to oxidation. The content of CE-OOH and consumption of  a -tocopherol in the plasma from 
(−)-epicatechin- administered animals were much lower than those expected from the amount of 
unmetabolized (−)-epicatechin present in the plasma. The 3 ¢ - O -methylated form was found to be 
more stable than the free form when plasma from (−)-epicatechin-treated rats was autoxidized at 
37°C. These results suggest that (−)-epicatechin metabolites, particularly conjugates in the free form, 
possess an effective antioxidative activity in blood plasma  [  122  ] . 
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 The oral absorption and metabolism of (−)-epicatechin have also been examined by Piskula and 
Terao  [  123  ] . After the treatment of rats with (−)-epicatechin (172  m M/kg body weight) and collec-
tion of tail blood for 8 h after treatment, HPLC/EI-MS analysis and HPLC with electrochemical 
detection (EC) permitted the identi fi cation and quantitation, respectively, of the various plasma 
metabolites. Between 0 and 8 h, (−)-epicatechin and six conjugated metabolites, reaching a maxi-
mum plasma level at 2 h posttreatment, were identi fi ed in the plasma as glucuronides, sulfates, and 
sulfoglucoronides of both (−)-epicatechin and 3 ¢ - (or 4 ¢ -)- O -methyl-(−)-epicatechin. The plasma 
levels of (−)-epicatechin were the lowest and the  fi rst to be cleared from the plasma after 6 h relative 
to the metabolites. Among the various metabolites, the levels of the (−)-epicatechin conjugates were 
always higher than those of the methylated-(−)-epicatechin conjugates, with the peak levels in both 
instances decreasing in the order sulfoglucuronide > glucuronide >> sulfate > intact  fl avanol. 
At 30 min after (−)-epicatechin administration, about 90% of total metabolites in plasma were the 
glucuronides, about 50% were the sulfates, and about 40% were methylated, with each type increas-
ing thereafter. These results indicated that absorption of (−)-epicatechin into the intestinal mucosa 
takes place before undergoing immediate glucuronidation by the uridine 5 ¢ -diphosphate- 
glucuronosyltrasferase (UGT) activity of the upper half of the small intestine, cecum, and upper half 
of the large intestine, followed by delivery by the portal circulation to the liver for sulfation by 
 sulfotransferase. After sulfation and methylation in the liver and, to a lesser extent, in the kidney, the 
metabolites of (−)-epicatechin are excreted in the bile or circulated in the blood before becoming 
excreted in the urine. At the same time, they con fi rmed the previously held view that the level of 
unmetabolized compound found in the urine is always very low. 

 In spite of the abundance of information on the metabolism of monomeric catechin in the intesti-
nal tract, this issue is still the subject of controversy. For example, the ability of the intestine to serve 
as an O-methylating and glucuronidating site for different types of  fl avonoids has been investigated 
with model  fl avonoid compounds that were perfused through a section of jejunum or ileum isolated 
from the small intestine of rats and analyzing the respective perfusate for metabolites. One obvious 
advantage of this approach is that it negates the metabolic contribution of the intestinal  fl ora  [  124  ] . 
When (+)-catechin and (−)-epicatechin were the  fl avonoids circulated across the isolated jejunum in 
the direction of the serosal side, the emerging perfusate contained the corresponding glucuronides 
(~45%), O-methylated products (as 3 ¢ - O -methyl- and 4 ¢ - O- methyl derivatives) (~30%), and 
 O -methylated glucuronides (~20% of total  fl avanols identi fi ed). In contrast, perfusing the same 
 fl avanols through the ileum resulted in their appearance on the serosal side unmetabolized and in a 
higher total percentage of  fl avanols being transferred than through the jejunum (by ~  fi vefold)  [  99  ] . 
On the basis of these results, it is assumed that the jejunum is a major site for  O -methylation and 
glucuronidation of  fl avanol compounds and that the ileum will facilitate the delivery of  fl avanols 
entering the portal vein in high concentrations to the liver, where they will be subjected to the activi-
ties of hepatic COMT and UGT. 

 In a study by Harada et al.  [  121  ] , rats orally intubated with either (+)-catechin or (−)-epicatechin 
yielded plasma, urine, and bile samples that contained four metabolites, identi fi ed as the 5- O - b  
glucuronides of (+)-catechin, (−)-epicatechin, and the 3 ¢ - O -methylated forms of (+)-catechin and 
(−)-epicatechin, by MS and NMR analyses, and found to exhibit a high antioxidant activity against the 
superoxide anion in vitro. Baba et al.  [  125  ]  evaluated the levels of (−)-epicatechin and its metabolites 
in the plasma and urine of male volunteers that had consumed either chocolate or cocoa powder. 
Maximum plasma levels of (−)-epicatechin metabolites were observed at 2 h after chocolate or cocoa 
consumption, with the sulfate, glucuronide, and sulfoglucuronide appearing as the major plasma and 
urine metabolites of (−)-epicatechin. 

 Okushio et al.  [  126  ]  reported the isolation of (−)-epicatechin along with four unknown metabolites, 
later characterized as 3 ¢ - O -methyl-(−)-epicatechin, 4 ¢ - O -methyl-(−)-epicatechin, (−)-epicatechin-5-
 O - b -glucuronide, and 3 ¢ - O -methyl-(−)-epicatechin-5- O - b -glucuronide by MS and NMR analyses 
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from the urine of rats orally treated with (−)-epicatechin. In addition, (−)-epicatechin and its methylated 
metabolites were also detected in plasma but not in bile (Fig.  17.3 ).  

 A comparative study of the metabolism and urinary excretion of (+)-catechin and (−)-epicatechin, 
orally administered to rats, has shown that the absorbed  fl avanols were present in the plasma mainly 
as nonmethylated and 3 ¢ - O -methylated conjugated metabolites. In animals receiving (−)-epicatechin, 
the major metabolites were the glucuronide and sulfoglucuronide in the nonmethylated form, and 
sulfate and glucuronide in the 3 ¢ - O -methylated form. Excretion of the total amount of metabolites of 
(−)-epicatechin was greater than the total amount of (+)-catechin metabolites  [  127  ] . The 3 ¢ - O -methylated 
and 3 ¢ - O -methylated-glucuronides have also been detected in human plasma  [  128  ] . 

  Fig. 17.3    Metabolites of (-)-epicatechin identi fi ed in rat urine       
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 Terao  [  129  ]  conducted a comparative study of the oral absorption, metabolism, and urinary excretion 
of a typical  fl avanol like (−)-epicatechin and of a typical  fl avonol like quercetin in the rat. The results 
suggested that after oral administration, the metabolism of both  fl avonoids begins in the intestinal 
mucosa where the activity of UGT is at its highest and that they accumulate in the plasma mostly as 
glucuronide and sulfate conjugates, with small amounts of (−)-epicatechin, but none of quercetin, 
appearing in the circulation. In turn, the conjugates appeared to exhibit antioxidative activity in the 
plasma and, hence, the ability to participate in the antioxidant defense of the plasma, a function that has 
also been described for polyphenolic compounds in red wine  [  130  ] . 

 Vaidyanathan and Walle  [  131  ]  evaluated the absorption of (−)-epicatechin by the intestinal epithe-
lial membrane using a monolayer of human Caco-2 cells and HPLC with diode array detection. In 
concentrations of 5–50  m M, (−)-epicatechin did not show apical to basolateral absorption but, rather, 
basolateral to apical ef fl ux. The participation of MRP2, a multispeci fi c organic anion transporter 
expressed in the apical membrane of Caco-2 cells, was inferred from the 50% reduction in ef fl ux 
observed in the presence of MK-571, a competitive inhibitor of MRP2. More importantly, the same 
treatment led to a measurable apical to basolateral absorption of (−)-epicatechin. MK-571 was also 
found to inhibit the transport of two polar metabolites of (−)-epicatechin, identi fi ed as sulfate conju-
gates and found exclusively on the apical side. 

    The same authors have also examined the metabolic conjugation of (−)-epicatechin using human 
liver and intestinal microsomes and cytosol, and recombinant UGT and sulfotransferase (SULT) iso-
forms and compared the results with those taking place in the rat  [  132  ] . Surprisingly, (−)-epicatechin 
was not glucuronidated by the human liver and small intestinal microsomes, by the human colon 
microsomes, and by recombinant UGT1A7, which is not present in the liver or intestine. In contrast, 
(−)-epicatechin was ef fi ciently glucuronidated in the rat liver microsomes with the formation of two 
glucuronides, and the human liver cytosol ef fi ciently sulfated (−)-epicatechin mainly through the 
SULT1A1 isoform. For the intestine, both SULT1A1 and SULT1A3 contributed. Other SULT iso-
forms contributed little. HPLC analysis of the sulfate conjugates showed one major sulfatase-sensitive 
peak with all tissues. An additional minor sulfatase-resistant peak was formed by the liver and intes-
tinal cytosol as well as with SULT1A1 but not by the Caco-2 cytosol and SULT1A3. In the rat, 
(−)-epicatechin sulfation was considerably less ef fi cient than in the human liver. These results indi-
cated that sulfation was the major pathway of (−)-epicatechin metabolism in the human liver and 
intestine and that glucuronidation was unimportant. There was also a large species difference both in 
glucuronidation and sulfation of (−)-epicatechin between rats and humans  [  132  ] .   The apparent absorp-
tion, blood concentration, maximum plasma concentration, time to maximum plasma concentration, 
tissue distribution, and fecal, but not the urinary, excretion of a  fl avanol like (−)-epicatechin were 
found to be similar to those of the  fl avonol quercetin in ileostomized rats receiving either 
3-[ 3 H]-(2R,3R)]   -(−)-epicatechin or [4- 14 C]-quercetin through a tube inserted in the esophagus  [  133  ] . 
In the study, maximum plasma concentrations and time to maximum were similar for both com-
pounds. Furthermore, the radioactivity from epicatechin was rapidly cleared from the circulation, but 
increased again from 6 h after administration onward. Furthermore, the amount of radioactivity mea-
sured at the end of the ileum 3–7 h after ingestion and the amount of radioactivity excreted in feces at 
24 h after ingestion were similar for both (−)-epicatechin and quercetin. More radioactivity was pres-
ent in the urine during the  fi rst 12 h from (−)-epicatechin than from quercetin, but neither compound 
was found to accumulate in the organs and tissues examined at 24 h after ingestion, except for the 
gastrointestinal segments  [  132  ] .  

   Metabolism of Monomeric Catechins Present in Food Products 

 Owing to their powerful antioxidant properties, monomeric  fl avanols and oligomeric procyanidins 
have been the subject of extensive evaluation in humans and in rodents for absorption from and 
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bioavailability in the digestive tract following their consumption as part of polyphenol-rich food 
products such as chocolate, cocoa, red wine, green or black tea, and certain fruits. Regardless of the 
food product, it has become apparent that monomeric  fl avanol components undergo a ready but lim-
ited absorption from the intestinal tract to yield plasma concentrations that are often in the nanomo-
lar or low micromolar range  [  134  ] , with the bulk becoming metabolized during absorption across the 
small intestinal mucosa  [  101  ] , in the liver  [  101,   135  ] , and in the colon  [  98  ]  to metabolites that are 
distributed in the body before being excreted in the urine and bile  [  121  ] . A correlation between the 
dose of catechin consumed and the site of catechin metabolism has been inferred from two key 
 fi ndings in humans, namely, that a large (2,000 mg) dose of (+)-catechin can lead to detectable levels 
of free catechin in the plasma after 30 min, to traces of methylated catechin in 2 h, and to 40% of the 
urinary catechin as the methylated product after 8 h  [  110  ] . However, all of the catechin was found 
conjugated, and no free catechin was detected after the consumption of a relatively small initial 
quantity    [136] . These results were taken as a suggestion that the dose determines the primary site of 
metabolism, with large doses being metabolized primarily in the liver and a small one being metabo-
lized by the intestinal mucosa. In contrast, dimeric and trimeric procyanidins, but not higher oligom-
ers, are detectable in the plasma in their original form along with variable quantities of low molecular 
weight phenolic acids arising from their metabolic breakdown by the colonic micro fl ora  [  29  ] . 

 Baba et al.  [  137  ]  have found that in human volunteers ingesting chocolate or cocoa, the maxi-
mum levels of total epicatechin metabolites in plasma were reached in 2 h, with the sulfate, 
glucuronide, and sulfoglucuronide conjugates of nonmethylated (−)-epicatechin predominating in 
the plasma over the methylated forms. The excretion of total epicatechin metabolites within 24 h of 
chocolate or cocoa intake was in the average about 30% and 25% of the total epicatechin intake. 
Similar results were observed by these authors in rats fed cocoa powder to determine the plasma 
antioxidative activity of cocoa polyphenols. Analysis of plasma samples, previously treated with 
 b -glucuronidase and/or sulfatase, by HPLC and HPLC–MS detected several (−)-epicatechin-related 
compounds identi fi ed as free (−)-epicatechin and as glucuronide, sulfate, and sulfoglucuronide con-
jugates of nonmethylated or methylated epicatechin. The maximum concentration of all (−)-epicat-
echin metabolites in the plasma occurred at 30–60 min postadministration. In addition, a treatment 
with cocoa powder signi fi cantly reduced the accumulation of lipid peroxides and the depletion of 
 a -tocopherol induced by oxidants like AAPH and CuSO 

4
  when compared to plasma samples col-

lected before administration. These results suggested that (−)-epicatechin present in cocoa powder 
was absorbed from the digestive tract and subsequently converted to various conjugated forms dur-
ing its transit in the digestive tract, and that these metabolites became distributed in the plasma and 
were able to protect plasma components against oxidative activity  [  125  ] . In line with this observa-
tions, Wang et al.  [  138  ]  also determined that the consumption of chocolate can have a direct effect 
on the plasma levels of (−)-epicatechin and on the plasma antioxidative activity against lipid peroxi-
dation. In this case, the ingestion of increasing doses (27, 53, and 80 g) of a procyanidin-rich choco-
late, containing 5.3 mg of total procyanidin and 1.3 mg of (−)-epicatechin/g, by human volunteers 
led to a dose-related increase in plasma (−)-epicatechin levels and in plasma antioxidant capacity 
and a decrease in plasma TBARS formation and 8-isoprostane levels. Furthermore, the effect of dif-
ferent levels of cocoa powder on the oral absorption and urinary excretion of (−)-epicatechin was 
evaluated by Baba et al.  [  139  ]  in rats. Both the sum of plasma (−)-epicatechin metabolites (as 
glucuronide and/or sulfate in nonmethylate and  O -methylated forms) at 1 h after administration and 
the peak plasma level, occurring at 18 h after administration, also increased in a dose-dependent 
manner. The same dose-related effect was observed on the sum of (−)-epicatechin urine metabolites 
measured at 18 h after treatment. Furthermore, the sum of (−)-epicatechin metabolites found in the 
urine was the same from both (−)-epicatechin and cocoa powder. These results were taken as a dem-
onstration of the lack of a signi fi cant effect of the different components of cocoa powder on the 
bioavailability of (−)-epicatechin. 



22117 The Absorption, Metabolism, and Pharmacokinetics of Chocolate Polyphenols

 In a study evaluating the urinary metabolites of (−)-epicatechin arising for the oral ingestion of a 
decaffeinated green tea extract by human subjects or administered intragastrically as a 0.6% solution 
to rats and mice, Li et al.  [  140  ]  noted that some interspecies differences existed in the metabolites 
identi fi ed in the urine with the aid of LC/ESI-MS. After green tea administration, the major conju-
gates of (−)-epicatechin appearing in human urine samples were identi fi ed as the monoglucuronides 
and monosulfates of (-)-epicatechin, as O-methyl-(-)-epicatechin-O-sulfate and as the ring  fi ssion 
metabolite (−)-5-(3 ¢ ,4 ¢ -dihydroxyphenyl)- g -valerolactone, predominantly in monoglucuronide and 
monosulfate forms, as additional metabolites. The pro fi le of the urinary metabolites present in the 
urine of mice was similar to that of humans, but in rats, 2- O -sulfate-(−)-epicatechin and 3 ¢ - O -methyl-
(−)-epicatechin-2- O -sulfate were not detected in the urine.    These results contrast with those of Roura 
et al.  [  103  ]  who found that in humans consuming 40 g of cocoa powder as a beverage in 250 mL of 
whole milk, the metabolism of (−)-epicatechin resulted in the urinary excretion of this  fl avanol as 
glucuronide and sulfate conjugates and in the glucuronide as the only form in plasma. 

 With the help of an HPLC method for the chiral determination of (+)-/(−)-catechin from sulfated 
and glucuronidated metabolites in human plasma, Ritter et al.  [  141  ]  were able to compare the bio-
availability and metabolism of these two stereoisomers in humans asked to consume beverages made 
from either an alkalized cocoa powder found containing typical (+)-catechin plus atypical (−)-catechin 
(most likely arising from the epimerization of (−)-epicatechin by the Dutching process or by the roast-
ing of coco beans) or a nonalkalized cocoa containing only the natural (+)-antipode. The analysis of 
plasma samples collected before and 2 h after drinking the cocoa beverage, and with or without a 
preliminary treatment with sulfatase and  b -glucuronidase, indicated a signi fi cant increase in (+)-/
(−)-catechin ratio in the plasma relative to the ratio seen in the drink (0.80 vs. 0.22). A similar effect 
was noted when the volunteers were asked to consume a drink containing the two enantiomers in 
milk, in which case the ratio shifted from 0.81 in the drink to 4.05 in the plasma. When comparing the 
two enantiomers in terms of the concentrations of plasma glucuronides and sulfates, those of the 
(+)-enantiomers were more abundant than those of the (−)-enantiomers, possibly because of a greater 
absorption of the former than of the latter catechin. Another noteworthy  fi nding was the detection of 
procyanidin B2 in the plasma.  

   The Metabolism of Procyanidins 

 Procyanidins are one of the most ubiquitously distributed polyphenol compounds in the plant kingdom 
and a subject of great interest because in submicromolar concentrations they are able to effectively 
prevent the formation of conjugated dienes in both the induction (preventive antioxidant) and the 
propagation (chain-breaking antioxidant) phases of lipid peroxidation. Also, by trapping free radicals 
and by strongly and noncompetitively inhibiting the activity of some enzymes involved in the genera-
tion of reactive oxygen species, procyanidins can markedly delay the onset of the breakdown phase 
of peroxidized lipids, thus inhibiting the formation of degradation products, and in different aqueous 
lipid dispersions, they can synergistically interact with other natural antioxidants like vitamin E in 
quenching peroxyl radicals  [  142  ] . 

 Procyanidins are oligomeric to polymeric in nature and occur in various chemical types as a result 
of differences in the type of their constitutive units, the sequence of these units, the positions of the 
linkages interconnecting the units (C4 → C6 or C4 → C8 in the type B, with additional C2 → OC7 or 
C2 → OC5 bonds in the type A), the number of units (or chain length), and the presence of a substituent 
(e.g., acyl or glycosyl groups)  [  143,   144  ] . Those consisting exclusively    of (+)-catechin, (−)-epicatechin, 
or (−)-epicatechin 3- O -gallate units are the most abundant type of procyanidin in plants  [  145  ] , with 
less common types being designated as propelargonidin or prodelphinidin if they contain at least one 
unit of (epi)afzelechin or(epi)gallocatechin, respectively  [  144  ] , or as prorobinetinidin or pro fi setinidin 
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if the structure has at least one unit of robinetinidol or  fi setinidol, respectively  [  146  ] .    Because they 
may arise from the autoxidative or enzymatic condensation of monomeric precursors, procyanidins 
are also referred to as condensed tannins  [  34  ] . 

 Among natural sources of procyanidins, fruits, beans, nuts, cocoa, chocolate, tea, and red wine 
are recognized as major ones. Chocolate contains higher amounts of procyanidins per unit weight 
(3.8–4.9 mg/g) than foods such as red wine (close to 0.2 g/L), cranberry juice (0.1 g/L), and apple 
(0.5–1 mg/g)  [  48  ] . A study analyzing the content of procyanidins in cacao liquor samples originating 
from Africa, Asia, and South America has found it to range from 0.22% to 0.83% and that the levels 
are inversely correlated with the duration of the cacao fermentation and the formation of volatile 
 fl avoring components during cacao roasting  [  147  ] . In addition to potent antioxidant activity and 
health-related bene fi ts  [  88  ] , procyanidins are also important contributors to the astringency and bitter-
ness of chocolate  [  48  ] . 

 The oral absorption of procyanidins is still a subject of debate since there is experimental evidence 
in support of either absorption or a lack of it. On the one hand, Donovan et al.  [  60  ]  found no evidence 
to indicate oral absorption of the procyanidins in a grape seed extract or of dimeric procyanidin B3 
after they were fed to rats as part of a meal. In addition, a comparison of the absorption and metabo-
lism of procyanidin B3 to those of monomeric (+)-catechin and (−)-epicatechin and of a grape seed 
extract containing both monomers and oligomers in rats after a single meal found no evidence of 
(+)-catechin, (−)-epicatechin, the methylated forms, or of any procyanidin in the plasma. On the other 
hand, in rats fed the (epi)catechin-supplemented meal, (epi)catechin and 3 ¢ - O -methyl-(epi)catechin, 
but not 4 ¢ - O -methyl-(epi)catechin, were detected in the plasma. At no time in the study were procya-
nidin dimers (B1, B2, or B3) detected in the plasma of rats fed procyanidins (as B3-containing or 
grape seed extract-containing meals). In rats fed procyanidin B3 meal, neither catechin nor 
3 ¢ - O -methylcatechin could be detected in the plasma even when plasma was sampled at 9 h and 24 h 
after contact with intestinal micro fl ora, thus ruling B3 out as a source of catechin in plasma. The 
plasma of the rats fed the grape seed diets (at 200 mg and 400 mg) contained (+)-catechin, (−)-epicat-
echin, and their 3 ¢ - O -methylated conjugates but was not accompanied by additional compounds 
exhibiting the characteristics of a  fl avanol. 

 There are also several lines of evidence linking the oral absorption of procyanidins to their molecu-
lar weight. For example, Nakamura and Tonogai  [  148  ]  used grape seed polyphenol (GSP) and grape 
seed polyphenol high molecular weight (GSPH) preparations to assess the role of molecular weight 
of procyanidins in the appearance of metabolic products in the serum and urine. While the GSP was 
a commercial product for oral use with a declared procyanidin content of >99%, and found to consist 
of a complex mixture of high molecular weight procyanidins with low molecular weight components 
such as (+)-catechin, (−)-epicatechin, procyanidins B 1 , B 2 , and C 1 , and gallic acid, the GSPH was 
obtained by size exclusion fractionation of the GSP product on Sephadex LH-20 to a concentration of 
procyanidins of 101.6 ± 0.6 w/w %. Oral administration of GSP (0.1–1 g/kg body weight) to rats led 
to the appearance of only (+)-catechin, (−)-epicatechin, 3 ¢ - O -methyl-(+)-catechin, and 3 ¢ - O -methyl-
(−)-epicatechin in serum collected periodically over a 20-h period, in concentrations that were dose 
dependent, with the maximum concentrations of all four metabolites occurring at 3 h after administra-
tion. Procyanidin dimers (B1 and B2) and trimers (C1) were not detected at any time. Most of the 
metabolites were present as conjugates with glucuronic acid or sulfate, with the free forms being pres-
ent in only trace quantities. The metabolites were cleared from the circulation at 20 h after GSP 
administration. Excretion of the metabolites in the urine was rapid, with more than 25% appearing in 
less than 5 h and the bulk (>80%) taking place within 25 h after administration. No metabolites were 
found in the serum of rats receiving GSPH orally (0.5 g/kg). In the same study, the analysis of the 
urine from rats given (+)-catechin (0.3 g/kg) showed (+)-catechin and 3 ¢ - O -methyl-(+)-catechin, 
which changed to (−)-epicatechin and 3 ¢ - O -methyl-(−)-epicatechin when the treatment was 
(−)-epicatechin (0.3 g/kg) and to (+)-catechin, (−)-epicatechin, 3 ¢ - O -(+)-catechin, and 3 ¢ - O -(−)-
epicatechin when GSP (1 g/kg) was also given. In contrast, after the administration of GSPH, only 
trace amounts of (+)-catechin, (−)-epicatechin, 3 ¢ - O -methyl-(+)-catechin, and 3 ¢ - O -methyl-(−)-
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epicatechin were detected in the urine. Taken together, these results suggest that only the monomers 
of GSPH are absorbed from the intestinal tract and that higher molecular weight procyanidins (MW 
578.5–866.8) are more likely to undergo degradation to low molecular weight aromatic compounds 
by the colonic micro fl ora  [  92  ] . Similar results have been reported by Gonthier et al.  [  59  ]  in a study 
comparing the intestinal absorption of procyanidin dimer B 2 , trimer C 3 , and polymer to that of 
catechin monomer in rats following a 5-day intake as part of the diet. In rats fed procyanidins, neither 
parent compound nor catechin derivatives could be detected, but those fed catechin monomer excreted 
large amounts of catechin and its 3 ¢ - O -methylated form. Furthermore, 16 metabolites of microbial 
origin were detected and identi fi ed as low molecular weight aromatic acids from all polyphenols. In 
general, the extent of microbial metabolism decreased proportionally to the degree of complexity of 
the polyphenol, with the catechin monomer yielding the highest output (~11% of the dose), dimers 
(~7%) and trimers (~0.7%) yielding intermediate outputs, and the polymer the lowest ( £ 0.5%). Hence, 
the degree of procyanidin polymerization has a major impact on their fate in the body which is char-
acterized by a poor absorption through the gut barrier and a limited metabolism by the intestinal 
micro fl ora as compared to monomeric catechins. In comparison to other  fl avonoids present in choco-
late and other foodstuffs, procyanidins show a poor absorption through the gut barrier as a result of a 
high molecular weight, with the bulk reaching the colon for degradation by the colonic micro fl ora to 
various aromatic acids  [  93  ] . 

 On the other hand, Sano et al.  [  149  ]  found that the oral administration of grape seed extract to 
healthy human volunteers resulted in the detection of procyanidin B 1  in the serum at 2 h after intake. 
In a more recent    study by Apeldoorn et al.  [  91  ] , in situ perfusion of the small intestine of rats with 
puri fi ed procyanidin dimers A1 (epicatechin-(2- O -7, 4–8)-catechin), A 2  (epicatechin-(2- O -7, 
4–8)-epicatechin), and B2 (epicatechin-(4–8)-epicatechin); type A trimers, a mixture of A1, B2, and 
a tetrameric type A; and monomeric epicatechin revealed that the A1 and A2 dimers were absorbed 
from the small intestine of rats to a greater extent than the B2 dimer. Furthermore, the absorption of 
type A dimers was shown to be only 5–10% of that of the monomeric (−)-epicatechin and, unlike 
(−)-epicatechin, not to yield conjugates or methylated metabolites. In contrast, type A trimers were 
not absorbed to a measurable extent. In addition, the study determined that tetrameric procyanidins 
enhanced the absorption of B 2  but not that of A1. In addition, there is in vitro data con fi rming the 
absorption of procyanidins from the gut derived from experiments comparing the absorption of radio-
labeled procyanidin dimer and trimer through a cell monolayer derived from the human intestinal cell 
line Caco-2. In this system, the oligomeric procyanidins were absorbed in contrast to the lack of 
absorption of procyanidin polymers having an average degree of polymerization of 7  [  150  ] , with the 
magnitude approximating that of (+)-catechin  [  67  ] .    Further evidence on the ability of procyanidins to 
reach the circulation has come from work by Baba et al.  [  151  ] , who reported the oral absorption and 
urinary excretion of procyanidin B2 along with the degradate (-)-epicatechin and the methylated and/
or conjugated metabolites of (-)-epicatechin in the rat. 

 The passage of procyanidins from the digestive tract into the blood has been assessed in adult 
human volunteers who were asked to consume a  fl avanol-rich cocoa beverage (0.375 g/kg in 300 mL 
of water, average total consumption of 26.4 g, providing 323 mg of monomers and 256 mg of dimers) 
 [  152  ] . Analysis of plasma samples by reversed-phase HPLC with EC detection and LC–MS detected 
measurable amounts of the dimeric procyanidin B 2  together with (−)-epicatechin and (+)-catechin as 
early as 30 min after cocoa consumption (16 ± 5 nmol/L, 2.61 ± 0.46  m mol/L, and 0.13 ± 0.03  m mol/L, 
respectively), which reached a maximum by 2 h (41 ± 4 nmol/L, 5.92 ± 0.60  m mol/L, and 
0.16 ± 0.03  m mol/L, respectively). Further proof of the oral bioavailability of procyanidin B2 (epicat-
echin-4 b  → 8-epicatechin), a major component of the polyphenolic fraction of cocoa powder, was 
obtained by Baba et al.  [  151  ]  in rats. These authors determined that after the oral administration of 
procyanidin B2 (50 mg/kg body weight, in water) to rats, LC–MS detected B2, (−)-epicatechin, and 
3 ¢ - O -methyl-(−)-epicatechin in the blood and the same compounds plus conjugates of 3 ¢ - O- methyl-
(−)-epicatechin in the urine. Samples collected from rats receiving only water were devoid of these 
polyphenols. Exposing the plasma samples from rats on B2 to lipid peroxidation by AAPH or by 
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CuSO 
4
  found the accumulation of lipid peroxides to be about equal in the former case and signi fi cantly 

lower in the latter case when compared to results for plasma from rats receiving only water.   

   Pharmacokinetic Aspects of Chocolate and Cocoa Polyphenols 

   Animal Studies 

 The oral absorption of (+)-catechin and (−)-epicatechin from a variety of food sources and matrices 
has been extensively examined both in humans and experimental animals. The bioavailability and 
pharmacokinetic characteristics of (−)-epicatechin and (+)-catechin were examined by Catterall et al. 
 [  153  ]  in the rat by administering the  3 H-labeled forms of these  fl avanols orally and intravenously at 
dose levels equivalent to those typically consumed by humans in the diet (i.e., 0.58 mg/kg of catechin 
and 4.5 mg/kg of epicatechin). Both compounds were rapidly absorbed from the gut, with their maxi-
mum plasma concentration (t 

max
 ) occurring at about 1 h postadministration. The blood half-life (t 

1/2
 ) 

values were 1.10 ± 0.08 h for epicatechin and 1.63 ± 0.22 h for catechin. An extensive biliary excretion 
was suggested by  fi nding that about one-third of the dose of these compounds was excreted in the 
urine and two-thirds in the feces following intravenous administration, but when the same doses were 
delivered orally, only about 5% of the administered doses were recovered in the urine. A poor absorp-
tion of monomeric  fl avanols from the gut was apparent from a comparison of the plasma areas under 
the serum (or plasma) concentration–time curves (AUCs) following oral and intravenous administra-
tions of each compound and which agreed, in both instances, with an oral bioavailability of less than 
5%. The possible degradation of (−)-epicatechin and (+)-catechin by the intestinal micro fl ora was 
inferred from the observation that tritium was exchanged with water in the blood after oral, but not 
after intravenous, administration of the  fl avanols to rat. At a much higher oral dose of (−)-epicatechin 
(250 mg), Zhu et al.  [  154  ]  found that in the rat the absolute oral bioavailability of this  fl avanol was 
0.39, the t 

max
  to be 2 h, and the urinary and fecal recovery to amount to 4.7% and 11.0% of the admin-

istered dose, respectively. 
 An insight into the plasma pharmacokinetic pro fi les of (−)-epicatechin metabolites was gained by 

Piskula and Terao  [  123  ]  by feeding this  fl avanol to rats and quantitating the ensuing metabolites in 
plasma by HPLC–MS over an 8-h period. In the circulation, (−)-epicatechin was found to be accom-
panied by a slower migrating peak later identi fi ed as 3 ¢ - O -methyl-(−)-epicatechin. With the aid of a 
combination of enzymatic hydrolysis, up to six metabolites of (−)-epicatechin and methyl-(−)-
epicatechin (consisting of the corresponding sulfates, glucuronides, and mixed sulfate–glucuronide 
conjugates) were quanti fi ed in addition to smaller concentrations of the parent compound. Maximum 
plasma concentrations were observed at 1 h postadministration with (−)-epicatechin and within the 
 fi rst 2 h with all the metabolites, with the levels declining thereafter and dropping sharply after 8 h. 
Except for glucuronidation, the dominant metabolites in the plasma were those of methyl-(−)-
epicatechin. This study provided a chronological view of the metabolism of (−)-epicatechin, which 
leads to nearly 90% conversion to the glucuronide and to about 50% conversion to the sulfate in the 
 fi rst 30 min postadministration. Within 8 h, the concentration of the sulfate conjugate had slowly 
risen to 70%. In addition, about 40% of the plasma epicatechin metabolites were methylated in the 
 fi rst 30 min, and their levels continued to increase to 75% after 8 h. Certain metabolic differences 
appear to exist between (−)-epicatechin and (+)-catechin, which in the rat has been shown to be 
predominantly converted to the glucuronidated derivatives of both (+)-catechin and 3 ¢ O-methyl-(+)-
catechin, and with plasma levels of these metabolites starting to decline after 12 h and dropping 
dramatically at 24 h postadministration  [  118  ] . However, Tsang et al.  [  155  ]  have reported that in rats 
ingesting 3.6 mg of (−)-epicatechin and 5.8 mg of (+)-catechin as part of a grape seed extract, none of 
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these compounds were detected in the plasma or urine in spite of their presence in the gastrointestinal 
tract at 1 h postingestion. In contrast, at this time, trace quantities of the glucuronides of (-)- epicatechin    
and (+)- catechin and of the glucuronides of the methylated derivatives were detected in the duode-
num, jejunum and ileum. Furthermore, the glucuronides and glucuronides of the 3 ¢ -O-methylated 
derivatives were present in the plasma and urine, and the sulfates and sulfates of the 3 ¢ - O -methylated 
derivatives were detected in the urine over a 24-h period. Overall, only about 36% and 27% of the 
ingested (−)-epicatechin and (+)-catechin, respectively, were recovered as metabolites in the urine, 
with the balance most likely undergoing biotransformation to low molecular weight phenolic acids 
by the intestinal micro fl ora  [  59,   92  ]  although other factors such as degradation/metabolism in the 
gastrointestinal tract, transporter-mediated intestinal secretion/ef fl ux, and presystemic gut wall 
metabolism might also play a contributory role  [  156  ] . As demonstrated for (−)-epicatechin present in 
green tea in a rat model, presystemic extraction is not a major determinant of low oral bioavailability 
of monomeric  fl avanols  [  156  ] . 

 In a study aimed at determining the level of (−)-epicatechin and its metabolites in rat plasma in 
terms of suppression of the oxidation of plasma components, Baba et al.  [  137  ]  fed 1 g/kg of a cocoa 
powder, containing 7.8 mg of  fl avanol, to rats as a suspension in water. Analysis of plasma samples 
disclosed the presence of free (−)-epicatechin and of the glucuronide, sulfate, and sulfoglucuronide 
conjugates of nonmethylated and methylated (−)-epicatechin. In plasma, (−)-epicatechin was present 
in much smaller concentrations than its metabolites, with its maximum plasma concentration occur-
ring at 30 min postadministration and that of its metabolites occurring between 30 and 60 min post-
administration. Glucuronide conjugates of both nonmethylated and methylated (−)-epicatechin were 
present in higher concentrations than those of sulfated conjugates. Moreover, administration of cocoa 
powder signi fi cantly reduced the accumulation of lipid peroxides in plasma and signi fi cantly reduced 
the loss of  a -tocopherol in plasma exposed to free radical generating systems compared to plasma 
obtained before administration. 

 In a subsequent study, Baba et al.  [  139  ]  compared the levels of (+)-catechin, (−)-epicatechin, and 
their metabolites in the plasma and urine of rats orally treated with equimolar doses (17.2 mmol/L) of 
a  fl avanol present singly or as mixture. After administration of the  fl avanol preparation as an aqueous 
solution, the absorbed (+)-catechin and (−)-epicatechin were found to be present in the plasma pri-
marily as metabolites such as nonmethylated or 3 ¢ - O -methylated conjugates. In rats receiving only 
(+)-catechin and the mixture of catechins, the primary metabolite of (+)-catechin in plasma was the 
glucuronide of the nonmethylated form. In contrast, in rats on (−)-epicatechin and on the  fl avanol 
mixture, the primary plasma metabolites of (−)-epicatechin were the glucuronide and sulfoglucuronide 
of the nonmethylated forms and the sulfate of the 3 ¢ - O -methylated forms. Urinary excretion of the 
total amount of (−)-epicatechin metabolites in the (−)-epicatechin group was found to be signi fi cantly 
higher than the amount of (+)-catechin metabolites in animals on (+)-catechin. The sum of (+)-catechin 
metabolites in the urine was signi fi cantly lower in rats treated with a  fl avanol mixture group than in 
rats only on (+)-catechin, and the sum of (+)-epicatechin metabolites in the treated with a  fl avanol 
mixture was also signi fi cantly lower than in animals on (−)-epicatechin alone. These results suggest 
that the bioavailability of (−)-epicatechin is higher than that of (−)-catechin in rats and that, when 
ingested as a combination, (−)-catechin and (+)-epicatechin might be absorbed competitively in the 
gastrointestinal tract of rats. 

 The role of the dose of cocoa on the absorption of urinary excretion of (−)-epicatechin has been 
evaluated in rats by the oral administration of cocoa powder (150, 750, and 1,500 mg/kg) or 
(−)-epicatechin (1, 5, and 10 mg/kg)  [  127  ] .    A dose-dependent increase in the sum of plasma 
(−)-epicatechin metabolites at 1 h postadministration, the peak plasma concentrations, and the sum 
of (−)-epicatechin metabolites excreted in the urine within 18 h postadministration of either a cocoa 
powder or pure (−)-epicatechin. Furthermore, the sum of (−)-epicatechin metabolites excreted in the 
urine reached the same level in rats receiving either (−)-epicatechin or cocoa powder for equivalent 
amounts of (−)-epicatechin. Although the increases in plasma (−)-epicatechin with an increase in the 
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dose of (−)-epicatechin administered (as such or as cocoa powder) did not indicate interference with 
the absorption process, the dose-dependent gradual decrease in the excretion of urinary metabolites 
within 18 h postadministration suggested decreased bioavailability with increased doses of cocoa 
powder.  

   Human Studies 

 According to Hackett  [  110  ] , the administration of a single dose of [U- 14 C]-cyanidanol-3 to human 
volunteers resulted in a mean urinary excretion of 55% of the dose of  14 C, with 90% of the urine  14 C 
becoming excreted within 24 h postadministration. In the urine, three-quarters of the radioactivity was 
accounted for the glucuronides of (+)-catechin and 3 ¢ - O -methyl-(+)-catechin, and the sulfate of the 
latter, with urinary excretion of intact cyanidanol-3 accounting for 0.1–1.4% of the dose, and cyani-
danol-3 and metabolites containing the intact  fl avanol ring system accounting for 90% of the urine 
 14 C. Ring scission was found to represent only minor metabolic pathway that led to the excretion of 
small amounts of 3-hydroxybenzoic acid, 3-hydroxyhippuric acid, and 3-hydroxyphenylpropionic 
acid. Unchanged cyanidanol-3, representing less than 10% of the dose, was detected in plasma 
between 30 min and 12 h after administration, and the radioactivity of the metabolites (as total  14 C) 
was detected for at least 5 days after administration. 

 Bell et al.  [  136  ]  determined the changes in plasma (+)-catechin concentrations in a group of male 
and female human volunteers after the ingestion of a single serving of dealcoholized red wine recon-
stituted to its original volume either with water (RWW) or with water–alcohol (RWA) and delivering 
121,000 nmol of (+)-catechin and 104 mg of total  fl avonoid. Peak plasma total (+)-catechin, occurring 
1 h after red wine ingestion, ranged from 40 to 130 nmol/L after RWA and from 30 to 110 nmol/L 
after RWW, respectively, which together represented 15- to 65-fold increases over baseline plasma 
values. On the other hand, the corresponding 8-h AUCs were not signi fi cantly different between the 
two treatment groups and averaged 306.1 ± 29.5 nmol•h/L. Also, the intergroup t 

max
  and C 

max
  values 

were not signi fi cantly different and averaged 1.44 ± 0.13 h and 76.7 ± 7.5 mmol/L, respectively. In 
contrast, the t 

1/2
  value for the RWA-fed group was 22% shorter (3.17 h) than for the RWW (4.08 h). 

No signi fi cant gender-related differences were noted for the average plasma C 
max

 , 8-h AUC and t 
1/2

  
values. Overall, these results suggested that plasma total (+)-catechin concentrations are responsive to 
dietary (+)-catechin intake and that the concurrent intake of a moderate amount of alcohol appears not 
to affect  fl avonoid absorption and metabolism. 

 Richelle et al.  [  157  ]  evaluated the kinetics of appearance of (−)-epicatechin from black chocolate 
in the plasma of healthy male volunteers. Following the consumption of a single 40 g or 80 g serving 
of black chocolate, delivering 82 mg and 164 mg of (−)-epicatechin per serving, respectively, together 
with ad libitum bread intake, with a 1-week interval between doses, the plasma epicatechin level was 
monitored periodically for up to 8 h postconsumption. Irrespective of the amount of black chocolate 
consumed, the peak plasma concentration was reached in 2 h with the lower dose (380 nmol/L) and 
in 2.57 h (700 nmol/L) with the higher dose of dark chocolate. The clearance of the  fl avanol from the 
plasma was very fast (t 

1/2
  for elimination of 1.9 h for 40 g of chocolate and 2.3 h for 80 g of chocolate), 

and the mean C 
max

  (103 and 196 ng/mL) and AUC (445 and 1,069 ng/mL•h) of the plasma epicatechin 
kinetics were proportional to the quantity of chocolate ingested. 

 Rein et al. (2000)  [  158  ]  used a selective and sensitive HPLC method with coulometric detection to 
determine the physiological levels of (−)-epicatechin and (−)-epicatechin metabolites in human sub-
jects asked to consume a procyanidin-rich semisweet chocolate. At 2 h after ingestion, the time for 
t 
max

 , there was a 12-fold increase in plasma epicatechin relative to baseline values (from 22 to 
257 nmol/L), which was paralleled by a 36% increase in plasma total antioxidant capacity, and a 40% 
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decrease in plasma lipid peroxidation, assessed on the basis of malondialdehyde formation, all of 
which reached baseline values by 6 h after ingestion. 

 In agreement with studies conducted in laboratory animals, Holt et al.  [  152  ]  determined that the 
absorption of (−)-epicatechin and (+)-catechin after acute cocoa consumption by human subjects is 
quite rapid, becoming detectable in the plasma as early as 30 min postingestion and reaching a maxi-
mum at 2 h, with the mean (−)-epicatechin level being about 16-fold higher than that of (+)-catechin 
at this point. Plasma concentrations of these compounds were markedly lower (by ca. sixfold and 
eightfold, respectively) 6 h after cocoa consumption. In addition, procyanidin dimer B2 was also 
detected alongside the monomers and found to follow a time course of absorption into and elimination 
from the plasma similar to that of the monomers. However, since the concentration of procyanidin 
dimer in the plasma was much lower than that of epicatechin in spite of only a 20% difference in con-
centration in the cocoa consumed in the study (12.2 mg vs. 9.7 mg per gram of cocoa), it was conjec-
tured that some of procyanidin dimers could have undergone depolymerization to absorbable 
monomers by the human colonic  fl ora, thus explaining the high ratio of epicatechin to catechin 
observed in the study. 

 The existence of a dose–response effect between the amount of chocolate consumed and plasma 
epicatechin and oxidative damage has been con fi rmed by Wang et al.  [  138  ]  in a group of male and 
female human volunteers. Following the consumption of proportionally increasing servings of procy-
anidin-rich chocolate (27, 53, and 80 g of a chocolate containing 46 mg of epicatechin and 186 mg of 
procyanidins/27 g of chocolate), the plasma (−)-epicatechin concentration rose proportionally to the 
amount of chocolate consumed, with a maximum increase being observed at 2 h postingestion, and 
the average decrease in plasma epicatechin between the 2- and 6-h point being inversely related to the 
amount of chocolate consumed. 

 Tomás-Barberán et al.  [  159  ]  have assessed the role of the concentration of  fl avonoid content in 
cocoa (mainly as  fl avanol monomers) on  fl avonoid bioavailability and metabolism in humans. For 
this purpose, the bioavailability of the  fl avonoids from two cocoa powders, a conventional cocoa 
powder and an unfermented, nonroasted, and blanch-treated cocoa powder with an eightfold higher 
content in (−)-epicatechin and procyanidin B2 than the conventional cocoa, consumed as drinks in 
semiskimmed milk, was compared in healthy human volunteers using a double-blind crossover 
design. The content of epicatechin glucuronide, the main metabolite detected in plasma, was  fi vefold 
higher upon consumption of  fl avonoid-enriched cocoa powder as compared to the conventional cocoa 
powder. A similar trend was observed for the urinary excretion of urinary metabolites, mainly methyl 
epicatechin sulfate, which ranged from twofold to twelvefold higher depending on the metabolite. As 
a whole, these results con fi rm the bene fi ts that can be derived from improved processing of the 
 fl avonoid composition of cocoa powders to increase the  fl avonoid content (mainly  fl avanol monomers 
and dimers) and that this enhancement leads to an increase in the cocoa  fl avonoid metabolites present 
in plasma and in urine as a consequence of enhanced bioavailability. Taking into account the known 
poor bioavailability of oligomeric procyanidins, both the higher content in plasma and the higher 
urine excretion of epicatechin-derived metabolites upon consumption of a  fl avonoid-enriched cocoa 
powder appear to be mainly related to the higher content of  fl avanol monomer than of procyanidin 
dimer.  

   The Role of Stereochemical Features 

 At variance with  fl avonoids like  fl avonols and  fl avones, which are planar molecules,  fl avan-3-ols and 
procyanidins are nonplanar by virtue of having a saturated bond between C2 and C3 in the heterocy-
clic ring C of the  fl avonoid nucleus. As a result, C2 and C3 are chiral centers, and introduction of a 
hydroxyl functionality at C3 yields four stereoisomers (Fig.  17.4 ), of which (+)-catechin and 
(−)-epicatechin are of common occurrence in plants while (−)-catechin and (+)-epicatechin are quite 



228 C.A. Lau-Cam

rare. Furthermore, in oligomeric and polymeric procyanidins, substitution at C4 in ring C will make 
this position chiral  [  50  ] . In cocoa beans and in most commercially available chocolate and cocoa 
products, the major catechin monomers are (−)-epicatechin and (+)-catechin, with the former com-
pound predominating over the latter. However, a few isolated reports have indicated that the bulk of 
the catechin fraction is (−)-catechin with (−)-epicatechin being present in lesser concentrations. Such 
a change has been ascribed to the epimerization of (−)-epicatechin at the C2 position during the manu-
facturing of the chocolate since this catechin enantiomer is not detected in cacao beans  [  160  ] . The 
same change may take place during the alkalinization treatment used in the manufacturing of cocoa 
powder products and which has been found to lower total phenolics content as well as the levels of 
(−)-epicatechin and (+)-catechin by more than 65% and 35%, respectively  [  27  ] . In short, (−)-epicatechin 
may epimerize to (−)-catechin, and (+)-catechin may epimerize to (−)-epicatechin.  

 A study in rats has disclosed that (−)-epicatechin and (+)-catechin are absorbed from the 
gastrointestinal tract to different extent when administered as aqueous suspensions and that several 
metabolites are excreted in the urine proportionally to the amounts absorbed. The existence of a 
competition for absorption at the gastrointestinal level between the two stereoisomers was inferred 
from the lower excretion of urinary metabolites observed with their mixture than with (+)-catechin 
alone  [  127  ] . Likewise, Donovan et al.  [  161  ]  have veri fi ed that a difference in intestinal mucosal 
absorption exists between the (−)- and (+)-enantiomers of catechin using an in situ perfusion technique 
in the jejunum and ileum of the rat. Upon the addition of equimolar doses of each enantiomer to the 
perfusing  fl uid (tested at 10, 30, or 50  m mol/L), the (+)-enantiomer invariably demonstrated a higher 
absorption than the (−)-enantiomer, with the amount of each enantiomer increasing proportionally to 
an increase in the amount added to the perfusion  fl uid. Interestingly, however, the difference in absorp-
tion between the two enantiomers became narrower with each dose increment. Moreover, in plasma 
obtained from the abdominal aorta, the temporal concentrations of (−)-catechin were twofold to eight-
fold lower than those of the (+)-catechin enantiomer, the form more commonly found in chocolate 

  Fig. 17.4    Stereoisomeric forms of catechin and epicatechin present in cacao beans       
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samples. The same study determined that both (+)- and (−)-catechin were methylated at the 
3 ¢ -O-position, and that the concentrations of the 3 ¢ - O -methyl derivative of (−)-catechin were 
signi fi cantly lower than those of (+)-catechin. Enantiomeric 4 ¢ - O -methylated metabolites were found 
to be present in very low or in undetectable concentrations in most plasma samples. Moreover, con-
centrations of (+)- and (−)-catechin in plasma obtained from the mesenteric vein were generally 
higher than those obtained from aortic plasma, and the trend of the differences in the extent of methy-
lation between the (+)- and (−)-enantiomers of catechin were found to be similar to those observed for 
aortic plasma. 

 Ottaviani et al.  [  162  ]  investigated the in fl uence of the stereochemical con fi guration of  fl avanols on 
their absorption, metabolism, and biological activity. Healthy adult males were asked to consume 
equal amounts of stereoisomeric (−)-epicatechin, (−)-catechin, (+)-catechin, and (+)-epicatechin 
(1.5 mg/kg) in a well-de fi ned cocoa-based, low- fl avanol dairy-containing drink matrix, and  fl avanol 
levels were subsequently determined in plasma and 24-h urine. Based on the amounts of metabolites 
detected in the plasma and in a 24-h urine, it was apparent that the stereochemical con fi guration of the 
various  fl avanols had a profound in fl uence on their uptake from the gastrointestinal tract, which 
decreased in the order (−)-epicatechin > (+)-epicatechin > (+)-catechin> > (−)-catechin. An additional 
difference was the lack of detectable amounts of 4 ¢ - O- methylated metabolites in addition to non-
methylated and 3 ¢ - O -methylated metabolites seen with all four compounds. Interestingly, when the 
same stereoisomers were tested at equivalent doses in vivo, only (−)-epicatechin demonstrated 
signi fi cant vasodilatory action, an effect that was independent of antioxidant properties. Overall, these 
results stress the importance of stereochemical con fi guration of an ingested  fl avanol on any health 
bene fi ts this type of polyphenol may provide when consumed as part of  fl avanol-containing foods.  

   The Role of Diet Components 

 The potential health-related bene fi ts associated with  fl avanols in dark chocolate and cocoa are closely 
related with their absorption from the digestive tract, which in turn may be dependent on such factors 
as their chemical stability in the gastrointestinal tract, metabolism by enterocytes,  fi rst-pass metabo-
lism, biotransformation by the activity of the intestinal micro fl ora, and interaction with food compo-
nents  [  163  ] . The role of food on the absorption and pharmacokinetics of cacao products  fl avanols is 
of the utmost importance to human health when considering that only a fraction of the polyphenols, 
 fl uctuating in the nmol/L range  [  127,   158  ] , is absorbed and utilized by humans and that food and food 
components can alter the oral bioavailability of these components as a result of an effect on the 
motility of gastric secretions and hepatic blood  fl ow, factors which can, in turn, in fl uence the rate and 
extent of intestinal absorption, presystemic metabolism, and systemic clearance of these important 
phytochemicals  [  163  ] . From studies with drug molecules, a great deal has been learned on the impact 
that the presence of food in the gastrointestinal tract may have on the bioavailability of polar mole-
cules such as those present in polyphenol-rich food products such as chocolate, tea, and wine. 
Consequently, the role of the amount of solute ingested, the dose, the role of formulation factors, the 
size and composition of the ingested food, and the temporal relationship between the ingested food 
and drug during their transit within the gastrointestinal tract have emerged as important modulating 
factors to solute oral bioavailability  [  164  ] . 

 A review of the literature on food–chocolate  fl avanols is rather limited and often con fl icting. In this 
regard, one of the most extensively studied contributory factors to a decrease in the bioavailability of 
 fl avonoids in general and of monomeric catechins in particular is milk. The possibility that milk might 
interfere with the oral absorption of antioxidant polyphenols was suggested by Hertog et al.  [  165  ] , 
who suggested that the lack of an inverse association between the intake of black tea antioxidant 
 fl avonols and risk of ischemic heart disease (IHD) in a population of men from an industrial town in 
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South Wales, UK, might be related to the abolishment of the plasma antioxidant-raising capacity of 
the tea  fl avonols by milk, which is customarily added to tea. This possibility was subsequently inves-
tigated by van het Hof et al.  [  166  ]  in 12 healthy male and female human volunteers, who consumed a 
single serving of green tea, black tea, or black tea with semiskimmed milk (3 g lyophilized tea solids 
each). Based on the blood total catechins contents over 8 h, it was determined that the consumption 
of green tea led to a faster and greater rise in blood total catechins level than an equivalent intake of 
black tea. More importantly, the addition of milk to black tea did not signi fi cantly affect the blood 
total catechins levels over the entire observation period. Very similar results were reported by Leenen 
et al.  [  167  ]  for a group of 21 healthy human volunteers, who were asked to consume a single serving 
of black tea, green tea, or water with and without milk. Based on the plasma levels of total catechins 
and values for total antioxidant activity measured using the ferric-reducing antioxidant potential 
(FRAP) assay, these authors concluded that while both black and green tea were able to signi fi cantly 
increase plasma antioxidant activity proportionally to an increase in plasma total catechins, these 
results were not different when milk was added to tea. A similar conclusion was reached by Hollman 
et al.  [  168  ] , who investigated the absorption of tea  fl avonols (quercetin glycosides, kaempferol glyco-
sides) in healthy volunteers who consumed black tea with and without milk every 2 h each day for a 
total of eight cups per day for 3 days. Addition of milk to black tea (15 mL per 135 mL of tea) did not 
change the AUC of the plasma concentration–time curve of quercetin or kaempferol. 

 The results of a study by Richelle et al.  [  169  ]  comparing the antioxidant activity of commonly 
consumed polyphenol-containing beverages (cocoa, coffee, tea) on a per cup serving basis and in the 
presence and absence of milk showed that differences in antioxidant activities existed among the vari-
ous beverages and that milk in the amounts added to the beverages (10% to infused tea bag or to a 
soluble coffee powder, 66% to a cocoa drink from a reconstituted powder) did not alter the antioxidant 
activities attained in its absence. To clarify the effects of milk on catechin bioavailability and antioxi-
dant status, Reddy et al.  [  170  ]  asked 9 apparently healthy adult male volunteers to consume either 
black tea (prepared by boiling black tea leaf in water, sweetening with sugar, and bringing up to 
350 mL with boiling water) or tea with milk (prepared similarly but made up with boiling water to 
280 mL and then mixed with sugar and 70 mL of preboiled milk, containing 4% total solid, 1.75% 
proteins, 3.5%). In the presence of milk, the time course of the plasma total catechin levels peaked as 
early as 60 min postingestion and then remained rather constant for the next 2.5 h. In the absence of 
milk, however, the plasma total catechin levels reached a similar value as that seen in the presence of 
milk at about 90 min, peaked at 120 min postingestion, and yielded a plasma catechin AUC over 
180 min that was signi fi cantly greater ( p  < 0.05) than that in the presence of milk. On the other hand, 
the changes in plasma antioxidant capacity, as inferred from the FRAP values, reached a maximum at 
60 min after consumption of plain black tea and remained fairly constant thereafter. In the presence 
of milk, the FRAP values rose more slowly and reached a maximum value at 3 h, at which time it was 
equal to the value seen in the absence of milk. 

 In a later study by Sera fi ni et al.  [  171  ]  comparing the total antioxidant capacity (TAC) for samples 
of dark and milk chocolate, based on the results of FRAP assays, with the corresponding plasma 
FRAP values and plasma (−)-epicatechin levels derived from the consumption of these chocolates in 
amounts containing equivalent contents of (−)-epicatechin content (100 g and 200 g, respectively) by 
healthy fasted human volunteers, showed that dark chocolate consistently yielded higher FRAP val-
ues both in vitro and in vivo and was better absorbed from the gastrointestinal tract than milk choco-
late (found to contain the equivalent of up to 40 mL of milk/200 g). Surprisingly, the coingestion of 
the dark chocolate with full-fat milk (100 g/200 mL) resulted in a marked decrease in both the area 
under the curve (AUC) for a plot of plasma (−)-epicatechin levels against time (4 h) and the plasma 
TAC but which were still higher than those for milk chocolate. The differences in  fl avonoid absorp-
tion between the two types of chocolate were assumed to be due to the formation of secondary bonds 
between chocolate  fl avonoids and milk proteins, which could have negatively affected the bioavailabil-
ity and, therefore, the antioxidants properties of milk chocolate  fl avonoids in vivo. This interpretation 
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was questioned by Schroeter et al.  [  172  ] , who considered that factors such as the chocolate matrix 
composition, lipid/water content, viscosity, density, and extent of mastication were more important 
than milk in determining the oral bioavailability of chocolate  fl avonoids than milk. Moreover, these 
authors reported that in a human study evaluating the oral bioavailability of (−)-epicatechin from a 
cocoa made into a beverage either in whole milk (3.25% lipid) or in water (supplemented with carbo-
hydrate and 3.25% lipid as a control), the AUCs for the plots of plasma (−)-epicatechin levels against 
time from each beverage were not signi fi cantly different under isocaloric and isolipidemic conditions. 
Also, while both cocoa beverages elevated the plasma TAC over baseline values, the difference 
between their TAC values and between the corresponding AUC values for plasma antioxidant capac-
ity plots against time was not statistically signi fi cant. This study concluded that food matrix may play 
a greater role in determining the extent of oral absorption and biological activity of monomeric 
 fl avanols in cocoa products than the presence of milk in the cocoa product. Taking into account the 
lipid content of the cocoa beverage used in this study and that added as milk to dark chocolate (3% vs. 
30%) by Sera fi ni et al.  [  171  ] , Sera fi ni and Crozier  [  173  ]  have argued that the lack of effect of milk on 
cocoa  fl avanol absorption may have been due to differences in the amount of milk consumed in each 
case, being higher when it was added to a dark chocolate than to a cocoa beverage. This view is sup-
ported by the  fi ndings of a study by Lorenz et al.  [  174  ]  evaluating the protective effects of tea poly-
phenols on endothelial function in healthy female volunteers. Following the consumption of either 
500 mL of freshly brewed black tea, black tea with 10% skim milk, or boiled water as control,  fl ow-
mediated dilation (FMD) was measured at 2 h after consumption and compared to values recorded 
before consumption. Black tea signi fi cantly improved FMD compared with water, but its effect was 
completely blunted by milk. As a con fi rmation, the same beverages were tested in vitro on isolated rat 
aortic rings and endothelial cells. Again, while black tea induced vasorelaxation in rat aortic rings and 
increased the activity of endothelial nitric oxide synthase in endothelial cells, these actions were com-
pletely inhibited by the addition of milk to tea. The inhibitory actions of milk were attributed to the 
formation of complexes between milk proteins and tea catechins. 

 The modulating in fl uence of milk protein on the uptake and plasma concentrations of cocoa poly-
phenols was investigated by Keogh et al.  [  175  ]  in middle-aged men and women who were allowed to 
consume chocolate drinks prepared in water with added sugar and containing 2 g of polyphenols fol-
lowing an overnight fast. While the milk-free beverage contained powdered chocolate drink, 2.7 g 
polyphenols, nondairy creamer (NDC), and sugar in 200 mL of water, the milk chocolate drink con-
tained the same ingredients: skimmed milk powder (35% protein, 54% lactose) in place of NDC, 
cocoa butter, and more sugar in 200 mL of water. This beverage contained 2.45 g of milk proteins. 
Milk protein did not in fl uence the mean plasma catechins ((+)-catechin, (−)-epicatechin) concentra-
tion after ingestion of the chocolate powder, but slightly accelerated their appearance in the blood, 
which in the case of (−)-epicatechin was signi fi cantly different at 1 and 2 h and marginally signi fi cant 
at 4 h after ingestion relative to no milk protein. Milk protein had a small lowering effect on the 
plasma catechin at 4 h postingestion but not before or after. These results were taken as evidence that 
neither milk nor milk proteins interfere with the oral bioavailability of monomeric  fl avanols in a milk 
chocolate drink and, hence, with the potential health effects associated with chocolate products. 
A similar conclusion was reached by Roura et al.  [  176,   177  ]  after determining the effect of milk on 
the bioavailability of cocoa polyphenols in 21 human volunteers who received either whole milk as a 
control, cocoa powder dissolved in whole milk, or cocoa powder dissolved in water. LC–MS analysis 
of the urine for the excretion of (−)-epicatechin metabolites detected one (−)-epicatechin glucuronide 
and three (−)-epicatechin sulfates from the two cocoa beverages and established that while milk did 
not have a signi fi cant effect on the amount of metabolites excreted in urine, it did, however, alter 
glucuronide and sulfate excretion rates and the sulfation position. In contrast, Mullen et al.  [  178  ]  have 
examined the effects of milk on the bioavailability of cocoa  fl avan-3-ol metabolites in healthy non-
smoking human volunteers using a protocol that required the volunteers to consume a low  fl avonoid 
diet for 2 days before drinking a cocoa beverage, made by dissolving a commercial cocoa powder in 
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water or milk, and containing equimolar (45  m mol) quantities of (−)-epicatechin and (−)-catechin with 
only tracer amounts of (+)-catechin. Milk was found to neither affect gastric emptying time nor transit 
time through the small intestine, to have a minor effect on the plasma pharmacokinetics of (epi)cate-
chin-O-sulfate and not to in fl uence that of  O -methyl-(epi)catechin- O -sulfate. On the other hand, milk 
signi fi cantly lowered the urinary excretion of (epi)catechin- O -sulfate and (−)-epicatechin- O -
glucuronide and (epi)catechin- O- sulfate and  O -methyl-(epi)catechin- O -sulfate. 

 To more conclusively single out the role of milk on the bioavailability of chocolate and cocoa 
 fl avan-3-ols while circumventing the effects of product matrix, Gossai and Lau-Cam  [  179  ]  evaluated 
the effects of type of dairy product (whole milk, skim milk, heavy cream) on the oral absorption of 
(+)-catechin and (−)-epicatechin in the rat. Each  fl avanol was administered intragastrically to rats as a 
solution in water, serving as control, or in a dairy product, at a dose of 350 mg/kg. Plasma levels of 
each catechin were measured by over a 5-h period as total catechin concentrations after enzymatic 
hydrolysis of  fl avanol conjugates. As shown in Figs.  17.5  and  17.6 , the highest concentration of a 
monomeric catechin was achieved from a simple aqueous solution, with the peak concentration being 
reached at about the same time (1 h) by both catechins when delivered as solutions in water and skim 
milk. Thereafter, (−)-epicatechin was more rapidly eliminated from the circulation than (+)-catechin. 
In contrast, whole milk and heavy cream lowered the plasma levels of both (+)-catechin and 
(−)- epicatechin relative to those from water and skim milk, more so in the case of the former than of 
the latter compound. However, while the time for maximum plasma concentration remained unchanged 
in the case of catechin, it was delayed by an additional 2 h in the case of (−)-epicatechin. In looking 
for an explanation for these contrasting results, the protein and fat contents of the dairy products were 
measured and found to contain the levels reported in Table  17.1 . These values suggested that    the fat 
content rather than the protein content was the major determining factor for the decreases in plasma 
 fl avanols seen in the rat. At the same time, these results suggested that proteins do not play a determin-
ing role in monomeric catechin absorption from the gastrointestinal tract as fats do since heavy cream, 

  Fig. 17.5    Temporal changes in plasma (+)-catechin levels following its administration to rats at 350 mg/kg as a solu-
tion in water or in a dairy product. Each point represents the mean ± S.E.M. for n = 6       
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having the highest fat content and the lowest protein content, was the most inhibiting of plasma catechin 
levels than either whole milk or skim milk. This correlate can be clearly seen in the plot of AUC values 
for CAT and ECAT versus fat content in a dairy product shown in Fig.  17.7 . Although the binding of 
low molecular weight polyphenols such as catechins with dietary or endogenous proteins, released 
from the intestinal wall due to the sloughing off of cells during intestinal digestion, within the gastro-
intestinal tract is viewed as potential limiting factors to polyphenol absorption in the small intestine 
 [  180  ] , such interaction might require the direct binding of the polyphenols to proteins of the intestinal 
wall during gastrointestinal passage rather than to free dietary proteins.     

 The interaction of monomeric  fl avanols in cocoa with speci fi c classes of dietary components has 
been investigated in healthy normolipidemic fasted subjects by Schramm et al.  [  163  ]  using a cross-
over design. In trial 1, the effect of two concentrations of carbohydrate (as sucrose) on the oral absorp-
tion of the  fl avanols from a sugar-free  fl avanol-rich cocoa in water (providing 1.53 mg of total catechin 
(catechin + epicatechin) per kg body weight) was evaluated over a period of 3 weeks. Trial 2, carried 
out as a 4-week crossover study, examined the effect of butter, bread, and meat (as steak). Trial 3, 
carried out as in trial 1, used bread, grapefruit juice, and whole milk as treatments. In each instance, 
patients were also asked to drink a volume of water equal to that of a liquid food to serve as a control 
treatment. Based on the plasma concentrations of epicatechin and catechin measured over 8 h, sugar 
was shown to increase the absorption of cocoa  fl avanols and the rate of  fl avanol elimination in direct 
proportion to the intake of sugar. In trial 2, bread was the only macronutrient to increase cocoa  fl avanol 
absorption signi fi cantly relative to water and to a greater extent than butter, with meat exerting no 
apparent effect. In trial 3, bread, grapefruit juice, and milk increased cocoa  fl avanol absorption rela-
tive to water, with the effect being signi fi cant only with bread and grapefruit juice. Combined data 
from the three trials were consistent with the hypothesis that carbohydrates and carbohydrate-rich 
foods (bread, grapefruit juice) can increase oral  fl avanol absorption possibly by exerting a speci fi c 

  Fig. 17.6    Temporal changes in plasma (−)-epicatechin levels following its administration to rats at 350 mg/kg as a 
solution in water or in a dairy product. Each point represents the mean ± S.E.M. for n = 6       
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effect on gastrointestinal motility and/or secretion or by stimulating the activity of as yet unidenti fi ed 
 fl avanol transporter. The contrasting effects of lipid macronutrients noted in this study with those 
attained in rats with pure monomeric  fl avanols and dairy products with a high fat content may have 
stemmed from the closer interaction between an emulsi fi ed lipid, as is the case of dairy products, with 
a  fl avanol, possibly via micellization, than is possible with a nonemulsi fi ed lipid such as butter 
 [  26,   179  ] . On the other hand, the slightly enhancing effect of milk on cocoa  fl avanol absorption rela-
tive to cocoa in water noted in this study is at variance with the lowering effect reported for commer-
cial chocolates in rats  [  179  ] . In the absence of information on the fat content of the milk used in the 
human trial, an alternative possibility for the differing results could be the result of a species 
difference  [  181  ] . The components of a cocoa powder such as fat, protein, carbohydrate, and other 
polyphenols may not affect the bioavailability of a monomeric  fl avanol signi fi cantly but, instead, slow 
down the absorption since the plasma levels of the parent molecule and its 3 ¢ - O -methylated metabo-
lites have been reported to be lower than those derived from the pure  fl avanol  [  127  ] .  

   Table 17.1    Protein and fat content of dairy products used in the study   

 Protein content (g/240 mL) a   Fat content (g/240 mL) 

 Sample  Declared b   Found  Declared 

 Skim milk  8.00  7.16 ± 1.20   2.00 
 Whole milk  8.00  7.05 ± 0.96   8.00 
 Heavy cream  0.00  0.29 ± 0.01  80.00 

   a  Values are reported as the mean ± SEM, n =2 
  b  Amount declared by the manufacturer 
  c  Amount measured by a colorimetric assay method  

  Fig. 17.7    Correlation plots of plasma AUC 
0–∞

  for solutions of (+)-catechin and (−)-epicatechin in a dairy product versus 
concentration of fat in a dairy product. Each point represents the mean for n = 6 values. For comparative purposes, data 
from solutions in water are shown alongside       
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   The Role of Chocolate Type and Chocolate Matrix Characteristics 

 In vitro digestion models are useful experimental tools to assess the release of polyphenols from food 
matrices during their transit through the gastrointestinal tract and their transformation as a result of 
digestion  [  182  ] . In addition to providing information of the chemical stability of polyphenols present 
as puri fi ed entities or as components of food items, these models can also help to determine how food 
matrix components, including carbohydrates, fats, proteins,  fi ber, and chemical additives, can in fl uence 
the release of polyphenols from foodstuff and, hence, their digestibility in and bioavailability from the 
intestinal milieu. Taking advantage of this simple, rapid, and low-cost experimental approach, Ortega 
et al.  [  26  ]  have examined the role of matrix fats on the digestibility, stability, and bioaccessibility of 
polyphenols (procyanidins, phenolic acids,  fl avones) from two cocoa sources: a cocoa liquor with 
higher fat (50%) and procyanidin contents and a cocoa powder with lower fat (15%) and procyanidin 
content. In this study, the cocoa samples were separately added to either a gastric digestion system 
(made from buffered  a -amylase followed by hydrochloric acid to pH 2, and porcine pepsin solution) 
and duodenal digestion (bicarbonate to pH 6.5, followed by bile salts and pancreatin) and incubated 
at 37°C for 2 h. Alternatively, the duodenal digestion was carried out using a static or a continuous-
 fl ow dialysis setup with the duodenal digestion mixture serving as the receiving solution. Under 
acidic conditions, cocoa liquor oligomeric procyanidins with a high degree of polymerization were 
completely hydrolyzed, mainly to dimers and less to monomers, during gastric digestion, with the 
resulting products remaining stable thereafter. The cocoa powder did not show any dimer. In the duo-
denal digestion, the procyanidin content of the cocoa liquor was 1.8-fold higher than in the gastric 
digestion, possibly because of protection of the procyanidin molecules by micelles derived from fat 
in the cocoa liquor or from bile salts present in the digestion mixture or by becoming incorporated into 
lipid emulsion droplets formed from the cocoa liquor. Under analogous conditions, the change in 
procyanidin content for the cocoa powder was only about 1.2-fold higher between duodenal digestion 
and gastric digestion. The lack of effect of the fat content on the digestibility of the cocoa samples due 
to either gastric or duodenal digestion was apparent from the increase in the formation of low molecu-
lar weight phenolic acids and from the disappearance of ferulic acid from both food samples. During 
gastric digestion, the  fl avone glycoside content decreased and that of the aglycones increased, but 
during duodenal hydrolysis, the levels of  fl avones, aglycones, and glucosides were all increased. This 
result may re fl ect the protective role of matrix fats or added bile acids on the  fl avone glycosides as 
was the case of the procyanidins. 

 Neilson et al.  [  183  ]  assessed the bioavailability of (−)-epicatechin from a chocolate or cocoa bever-
age whose matrices varied in macronutrient composition and physical form. The solid confections 
consisted of different chocolate bars (containing reference dark chocolate [CDK], and a high sucrose 
[CHS] and high milk protein [CMP]); and liquid confections represented by cocoa beverages (con-
taining sucrose milk protein [BSMP] and nonnutritive sweetener milk protein [BNMP]). All matrices 
provided the same quantities of (+)-catechin + (−)-epicatechin per serving (40-g bar or 250-mL liquid 
product). Six human subjects consumed each product in a randomized crossover design, with the 
serum (−)-epicatechin concentrations being monitored over 6 h postconsumption period. AUCs were 
similar among chocolate matrices. However, AUCs were higher for BSMP and BNMP (132 and 143 
nM/h) than for CMP (101 nM/h), with the same trend applying to the peak serum concentrations 
(C 

max
 ) which were also higher for the BSMP and BNMP formulations (43 and 42 nM) than for the 

CDK and CMP ones (32 and 25 nM). Solid confections showed mean t 
max

  values that were higher, 
although not statistically different, than beverages (1.8–2.3 h vs. 0.9–1.1 h), thus re fl ecting differences 
in the shape of the pharmacokinetic curves for beverages and confections. In vitro experiments    in 
which Caco-2 human intestinal epithelial cells were incubated with formulations subjected to a 
two step digestion, to represent the exposure of enterocytes to concentrations of (+)-catechin and 
(−)-epicatechin present in the various formulations, yielded total catechin accumulation values that 
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did not differ between treatments. These data implied that bioavailability of cocoa  fl avan-3-ols is 
likely similar from typical commercial cocoa-based foods and beverages but that the physical form 
and sucrose content may in fl uence t 

max
  and C 

max
 . 

 Using three chocolate confection, identi fi ed as dark chocolate reference, high sucrose and high 
milk protein, and containing equal quantities of the same cocoa powder and equipotent in their con-
tents of monomeric  fl avanols (~1.60 mg/1.5 g serving as (+)-catechin plus (−)-epicatechin), Neilson 
et al.  [  184  ]  investigated the impact of certain chocolate matrix ingredients (i.e., level of cocoa butter, 
sucrose, soya lecithin, and milk protein) on the oral bioavailability and potential modulating effect on 
phase II metabolism. Collection of blood for up to 8 h from rats receiving 1.5 g of a confection by 
intragastric gavage and analysis of the plasma fractions HPLC–MS revealed that the predominant 
metabolites were  O -glucuronides and  O -methyl- O -glucuronides. Plasma concentrations of metabo-
lites were generally highest for the high sucrose treatment and lowest for the milk treatment, with the 
reference dark chocolate treatment generally yielding intermediate concentrations. Milk and sucrose 
appeared to modulate both metabolism and plasma pharmacokinetics and, to a lesser extent, the over-
all bioavailability of catechins from chocolate confections. 

 The role of chocolate matrix composition on the oral absorption and ensuing plasma pharmacoki-
netics of (+)-catechin and (−)-epicatechin has been investigated in the rat using chocolates with dis-
tinct formulation components, namely, baking, dark, milk, and white  [  179  ] . Dispersions of each 
chocolate type both in water and in whole milk, each providing equal amounts (175 mg/kg) of a 
monomeric catechin, adjusted through spiking with the relevant pure compound if necessary, were 
administered to rats by intragastric gavage, and plasma monomeric catechins were measured on blood 
samples collected at 30 min and every 1 h thereafter for up to 6 h posttreatment. A solution of the two 
catechins in water, in amounts equal to those present in a chocolate dispersion, was also administered 
to serve as a control (or 100% absorption). As shown in Figs.  17.8  and  17.9 , the resulting plasma 

  Fig. 17.8    Temporal changes in plasma (+)-catechin levels arising from the oral administration of a dispersion of baking 
chocolate or of milk chocolate in water, in an amount delivering 350 mg/kg of (+)-catechin, to rats. Each point repre-
sents the mean ± S.E.M. for n = 6       
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catechin levels varied rather widely among the various types of chocolate, with the differences being 
attributes to differences in physical properties, matrix components)   , and matrix characteristics associ-
ated with each chocolate  [  179  ] . In this connection, oral feeding of an aqueous solution of baking 
chocolate, exhibiting a friable nature, minimal unctuosity, no added sugar, and a lower content in 
cocoa butter than the other test chocolates, yielded pharmacokinetic values that approximated those 
of pure catechins in water most closely than any of the other chocolates (Table  17.2 ). In the absence 
of spiking, dark chocolate and white chocolate yielded very low and no levels of the two monomeric 
catechins. Following spiking, both chocolates yielded discernible plasma levels of the two catechins, 
but which were 1.4–1.8-fold and 1.4–1.9-fold lower, respectively, than plasma levels from baking 
chocolate in water. At least two factors may account for these differences: one is the higher contents 
of cocoa butter, whole milk (in powdered or condensed form), surfactant, sugar, and  fl avorings pres-
ent than in baking chocolate  [  185,   186  ] . The other factor could be the extent of the physical interac-
tions that may take place between chocolate matrix components during the manufacturing of a 
chocolate, entailing cycles of melting and solidi fi cation of cocoa butter and other fat sources and mix-
ing. Under these conditions, catechin molecules could become incorporated into fat globules which, 
upon cooling, will create an enclosing polymorphic crystal network that melts at just below body 
temperature  [  187  ]  and which may impede the transfer of a catechin into the intestinal mucosa. On the 
other hand, the extremely low C 

max
  and AUC values for (−)-catechin and (+)-epicatechin from a dairy 

milk chocolate, even after spiking this chocolate with exogenous catechins, could have resulted from 
the combined effect of a very complex matrix and the presence of both milk and fats, factors which, 
when coexisting, may jointly contribute to interfering with the release of monomeric catechins from 
this type of chocolate. To test the role of milk on the absorption of monomeric catechins from a choco-
late matrix, baking chocolate, the chocolate demonstrating the highest C 

max
  and AUC values for a 

  Fig. 17.9    Temporal changes in plasma (−)-epicatechin levels arising from the oral administration of a dispersion of 
baking chocolate or of milk chocolate in water, in an amount delivering 350 mg/kg of (−)-epicatechin, to rats. Each 
point represents the mean ± S.E.M. for n = 6       
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dispersion in water, was also administered to rats orally as a dispersion in whole milk  [  175  ] . From the 
temporal changes in plasma (+)-catechin and (−)-epicatechin levels (see Figs.  17.7  and  17.8 ) and 
pharmacokinetic values (see Table  17.2 ), it became evident that milk can have a profound negative 
effect on the bioaccessibility and/or bioavailability of monomeric catechins from the digestive tract 
and on ensuing pharmacokinetic parameters but the t 

max
 . It is plausible that milk, being an emulsion 

state and having high content in micelles, might have entrapped chocolate catechins in a way that will 
prevent them from diffusing out of the matrix or from being taken up into enterocytes. Although the 
same type of experiment was not carried out with other types of chocolate, it is expected that a similar 
trend will be followed, with the degrees of the interaction being dictated by the matrix characteristics 
inherent to each type of chocolate. In this context, the role of the fat content on the bioaccessibility of 
monomeric catechins from a chocolate matrix was investigated by subjecting the various chocolates 
to an extraction with petroleum ether, and the quantities of solids thus removed were compared with 
the fat contents declared by each manufacturer  [  179  ] . As shown in Table  17.3 , three out of the four 
chocolates tested had declared quantities of total fat that were within 2% of each other (dairy milk 
30.0%, dark 32.5%, white 27.3%) and petroleum ether extractables that differed by not more than 5% 
of each in the most extreme case (dairy 31.4%, dark 32.0%, white 27.3%). A further indication that 
fats alone are not as important as other features associated with a chocolate is to  fi nd that baking 
chocolate, with the highest declared fat content (50%) and highest content of petroleum ether extract-
ables (52.6%), showed the highest bioavailability of both (+)-catechin and (−)-epicatechin among the 
chocolate samples examined. The same argument may militate against the possible roles of extensive 
presystemic  fi rst-pass effect and of competitive absorption in the gastrointestinal tract between these 
two  fl avanols, which should have affected all the chocolates at least similarly if not equally  [  127  ] .     

 Information on the effect of food on the bioavailability of procyanidins is rather scanty. There 
appears to be only one published study, carried out in rats, which have examined the role of a 

   Table 17.3    Protein, fat, and petroleum ether extractable contents of commercial chocolates used in the study   

 Sample 
 Declared protein 
content (g/100 g) 

 Declared fat 
content (g/100 g) 

 Petroleum ether 
solubles (g/100 g) 

 Baking chocolate a   14.30  50.00  52.63 
 Dairy milk chocolate b    5.00  30.00  31.40 
 Dark chocolate   5.00  32.50  32.01 
 White chocolate   0.00  28.60  27.31 

   a  Declared by the manufacturer as 7 g of fat and 2 g of protein per 14-g serving 
  b  Declared by the manufacturer as 24 g of fat and 3 g of protein per 14-g serving  

   Table 17.2    Plasma pharmacokinetic data for (−)-catechin (CAT) and (−)-epicatechin (ECAT), present in or added to, 
commercial chocolates after oral administration of the chocolate to rats as dispersions in water or in whole milk a,b,c    

 Type of chocolate 

 CAT  ECAT 

 C 
max  (nM)  t max  (h)  AUC (nM.h)  C 

max  (nM)  t max  (h)  AUC (nM.h) 

 Baking in water  32.32 ± 1.23*  1.00  77.19 ± 2.03*  25.49 ± 2.17*  1.00  60.02 ± 4.12* 
 Baking in milk  16.86 ± 0.96 ***   1.00  42.51 ± 2.62 ***   12.66 ± 1.03 ***   1.00  32.75 ± 3.62 ***  
 Dark in water   2.00 ± 0.56 ***   1.00   2.22 ± 1.36 ***    0.00 ± 0.14 ***   1.00   0.00 ± 0.35 ***  
 Dark in water, spiked  23.66 ± 1.65 **   1.00  57.12 ± 2.95 ***   18.66 ± 1.06 **   1.00  42.57 ± 1.09 **  
 Dairy milk in water   0.01 ± 0.12 ***   1.00   0.01 ± 0.11 ***    0.01 ± 0.18 ***   1.00   0.01 ± 0.22 ***  
 Dairy milk, spiked   0.05 ± 0.16 ***   1.00   0.07 ± 0.08 ***    0.02 ± 0.20 ***   1.00   0.03 ± 0.12 ***  
 White in water, spiked  20.37 ± 3.02 **   1.00  42.79 ± 1.09 ***   15.32 ± 0.99 ***   1.00  31.26 ± 3.58 ***  

   a  Values are reported as the mean ± SEM for n = 6 rats 
  b  Dark chocolate, dairy milk, and white chocolate were spiked with CAT and ECAT to allow the delivery of 175 mg/kg 
of each  fl avanol per serving. 
  c  Statistical comparisons were versus the corresponding pure catechin in water: *      p  < 0.05,  **   p  < 0.01,  ***   p  < 0.001  
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carbohydrate-rich food on the uptake of procyanidins in vivo  [  188  ] . In this instance, Wistar rats were 
treated with aqueous solutions of either a grape seed extract or of a mixture of a grape seed extract 
with a carbohydrate-rich food. Under basal conditions, no procyanidins were detected in the plasma. 
Two hours after the grape seed extract ingestion, several metabolites, such as (−)-catechin glucuronide 
and (+)-epicatechin glucuronide, were detected, which reached maximum plasma concentrations 
equal to 6.24 and 9.74 nM, respectively, when the grape seed extract was ingested with carbohydrate-
rich food, and 6.32 and 8.71 nM, when grape seed extract was ingested without carbohydrate-rich 
food. In contrast, the concentration of the free forms of dimers and trimers in the plasma reached 
a maximum 1 h after administration, but their concentrations were greater after the ingestion of 
procyanidin- containing extract was consumed without carbohydrate-rich food, reaching a postpran-
dial plasma concentration of 0.57 nM relative to a concentration of 0.12 nM when the grape seed 
extract was ingested with carbohydrate-rich food. Similarly, the presence of the carbohydrate-rich 
food reduced the maximum concentration of the trimer in the plasma. Plasma levels of nonconjugated 
monomers ((+)-catechin, (−)-epicatechin, (−)-epicatechin gallate) were less than 0·03 nM under 
the two experimental conditions. Among metabolites, the glucuronidated forms of (+)-catechin 
and (−)-epicatechin were the most abundant, and the methyl-glucuronidated forms were the sec-
ond most abundant, independently of the presence of the carbohydrate-rich meal. In general, 
dimeric and trimeric procyanidins were found to be absorbed in vivo, reaching maximum concen-
trations in the plasma as soon as 1 h postingestion, but their absorption is inhibited by the copresence 
of carbohydrate-rich food.       
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    Introduction 

 Cocoa bean, a main raw material of chocolate, has been reported to display antioxidant activity  [  1  ] , 
antiarteriosclerosis activity  [  2  ] , antibacterial activity  [  3  ] , and antiviral activity  [  4  ] . The chemical anal-
ysis of the components of cacao such as catechin, epicatechin, proanthocyanidin glycosides, and 
related polyphenols  [  5  ]  and lignin as food  fi bers  [  6  ]  has been reported. 

 Lignins are a major class of natural products present in the natural kingdom and are formed by 
the dehydrogenative polymerization of three monolignols:  p -coumaryl,  p -coniferyl, and sinapyl 

    Chapter 18   
 Biological Activity of Cacao Husk 
and Mass Lignin-Carbohydrate Complexes       

      Hiroshi   Sakagami          and    Tomohiko   Matsuta          

 Key Points 

    The reports of biological activity of lignin-carbohydrate complex (LCC) have been quite few, as • 
compared with that of lower molecular weight polyphenols, possibly due to the structural 
complexity.  
  Cacao mass and husk LCCs were completely solubilized and sterilized by autoclaving under mild • 
alkaline condition, without losing their biological activities.  
  They showed much higher anti-HIV activity, as compared with lower molecular weight • 
polyphenols.  
  They showed synergy with vitamin C in cytotoxicity induction and radical scavenging.  • 
  They did not induce NO and cytokine production but enhanced the LPS-induced iNOS protein • 
expression by mouse macrophages, suggesting several new biological activity of LCC distinct 
from LPS.    
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alcohols  [  7  ] . Some polysaccharides in the cell walls of ligni fi ed plants are linked to lignin to form 
lignin- carbohydrate complex (LCC) (Fig.  18.1 ). LCC has displayed several unique biological activi-
ties such as antihuman immunode fi ciency virus (HIV) activity and synergistic actions with vitamin C 
 [  8  ] . However, the physiological role of cacao-derived LCC has not been well characterized.  

 In order to explore the novel functionality of components of cacao, we have prepared the lignin 
fractions from cacao husk (the shell of the cacao bean) and cacao mass (paste with cacao husk and 
germ removed) (Fig.  18.2 ), using two different methods – either conventional method (Method I) or 
modi fi ed method that improved solubility and sterility (Method II) – and investigated their broad 
range of biological activities  [  9,   10  ] .   

   Modi fi ed Method of LCC Preparation 

 With the increase of molecular weight, the solubility of LCC generally declines, making the steriliza-
tion of LCC through Millipore  fi lter dif fi cult. In fact, we experienced the considerable  fl uctuation of 
biological activity of LCC samples prepared by Method I, possibly due to its insolubility (Fig.  18.3a ). 
To deal with these problems, we increased the purity of the LCC by repeating the acid-precipitation 
and solubilization cycle and improving the solubility of LCCs by suspending and sterilizing them in 
1.39% NaHCO 

3
  by autoclaving (121°C, 20 min)  [  9  ] . This solution is homogenous and thus applicable 

to any biological assays. We have  fi rst con fi rmed that various biological activities B of LCC prepared 
by Method I  [  8  ]  were reproduced by LCC prepared by Method II (see Fig.  18.3b )  [  9  ] .   

  Fig. 18.1    Schematic diagram of LCC formation       
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  Fig. 18.2    Pictures of cacao tree ( a ), cacao beans in the cacao fruit ( b ), cacao husk ( c ), and preparation scheme of cacao 
mass and husk ( d )       

  Fig. 18.3    Preparation of cacao husk and cacao mass LCC fractions, prepared by Method I (conventional) ( a ) and 
Method II (modi fi ed) ( b ). All fractions (Frs. 1–5) were dialyzed against excess H 

2
 O and lyophilized. Numbers indicate 

yield (%). Abbreviations: ppt, precipitate; sup, supernatant (Data cited from References  [  9  ]  and  [  10  ] . With 
permission)       
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   Yield 

   LCC Samples Prepared by Method I 

 The yield of the LCC fraction (prepared by acid precipitation) from the cacao husk by Method I 
(H-Fr.1) was the greatest (3.2% ± 1.1% (n = 3)), followed by that of the polysaccharide-rich fraction 
(prepared by 50% ethanol precipitation) (H-Fr.2) (2.8% ± 0.2%) and then that of the low molecular 
fraction (prepared by 50–83% ethanol precipitation) (H-Fr.3) (0.74% ± 0.15%) (see Fig.  18.3a ). The 
yield of acid-precipitable LCC fraction from the cacao mass (M-Fr.1) was the greatest (7.9% ± 3.4% 
(n = 3)), followed by that of the polysaccharide-rich fraction (M-Fr.2) (1.4% ± 0.6%) and then that of 
the low molecular weight fraction (M-Fr.3) (0.73% ± 0.04%) (see Fig.  18.3a ). The molecular weight 
of cacao mass LCC (M-Fr.1) was estimated to be less than 40 kD on gel  fi ltration (Fig.  18.4a–c ).   

  Fig. 18.4    Gel  fi ltration 
chromatography of cacao 
mass alkaline extract ( a ), 
cacao mass LCC (acid 
precipitation) ( b ), and 
dextran 40000 ( c ) on 
TOYOPEARL HW-55F (1.5 
i.d. × 100 cm, TOSOH, 
Tokyo). Sugar ( dotted line ) 
and polyphenol ( solid line ) 
content in each fraction were 
measured by phenol-sulfuric 
acid method and Folin-Denis 
method, respectively       
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   LCC Samples Prepared by Method II 

 The yield of LCC prepared from the cacao mass prepared as the  fi rst precipitate by Method II (M-Fr.4) 
(9.6% ± 1.1%) was almost twice that prepared from the cacao husk (H-Fr.4) (4.8% ± 1.8%) (see 
Fig.  18.3b ). By repeating the alkaline-solubilization and acid-precipitation cycle, the yield of the 
second precipitate was reduced only by 15% in cacao mass LCC (M-Fr.5) but by 88% in cacao husk 
LCC (H-Fr.5) (see Fig.  18.3b ). Kinetic-chromogenic endotoxin-speci fi c LAL assay demonstrated that 
M-Fr.5 and H-Fr.5 contained 0.00035 and 0.16 (w/w)% LPS, respectively  [  10  ] . To increase the solu-
bility and sterility, samples were dissolved in 1.39% NaHCO 

3
  and then sterilized by autoclave treat-

ment (121°C, 20 min).   

   Anti-HIV Activity 

   LCC Sample Prepared by Method I 

 The anti-HIV activity of cacao husk acid-precipitable LCC fraction (H-Fr.1) (SI = 271) was one order 
higher than that of the corresponding fractions from the cacao mass (M-F1) (SI = 46) (Table  18.1 ). The 
anti-HIV activity of the carbohydrate-rich LCC fraction from the cacao husk (H-Fr.2) (SI = 34,610) 
was the greatest, one to three orders higher than that of the corresponding fractions from the cacao 
mass (M-Fr.2) (SI = 3.3) (see Table  18.1 ). The anti-HIV activity of the low molecular weight frac-
tions from the cacao husk (H-Fr.3) (SI = 115) was one order higher than that of the corresponding 
fractions from the cacao mass (M-Fr.3) (SI = 17) (see Table  18.1 )  [  9  ] . The present study demonstrated 
the potent anti-HIV activity of the cacao husk LCC fractions. Looking on these data, cacao husk seems 
to be an attractive source for the mass production of anti-HIV substance since its carbohydrate-rich 

   Table 18.1    Anti-HIV activity of cacao husk mass LCCs a, b    

 Anti-HIV activity  Anti-HIV activity 

 (SI = CC 
50

 /EC 
50

 )  (SI = CC 
50

 /EC 
50

 ) 

 <LCC prepared by Method I>  <Lower molecular weight 
polyphenols> 

 Cacao husk (acid ppt)  H-Fr.1  271 ± 180  Epigallocatechin-3- O  -gallate  <1.0 
 Cacao husk (50% ethanol ppt)  H-Fr.2  34,610 ± 56,661  Curcumin  <1.0 
 Cacao husk (83% ethanol ppt)  H-Fr.3  115 ± 98  Flavonols (3-hydroxy fl avones 

(n = 100)) 
 <1.0 

 Isoprenoid-substituted  fl avonoids  <1.0 
 Cacao mass (acid ppt)  M-Fr.1  46.0 ± 39.2 
 Cacao mass (50% ethanol ppt)  M-Fr.2  3.3 ± 1.6  <Positive control> 
 Cacao mass (83% ethanol ppt)  M-Fr.3  17.4 ± 16.4  Dextran sulfate  2,956 ± 1,760 

 Curdlan sulfate  11,718 ± 8,426 
 <LCC prepared by Method II>  AZT  23,261 ± 13,141 
 Cacao husk LCC (1st ppt)  H-Fr.4  44.5 ± 22.1  ddC  2,974 ± 1,438 
 Cacao husk LCC (2nd ppt)  H-Fr.5  28.0 ± 16.4 

 LPS  <1.0 
 Cacao husk LCC (1st ppt)  M-Fr.4  61.3 ± 24.1 
 Cacao husk LCC (2nd ppt)  M-Fr.5  39.0 ± 23.6 

   a  Data cited from references  [  9  ]  and  [  10  ] . With permission 
  b  Each value represents mean ± SD from four independent experiments  
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fractions showed surprisingly higher anti-HIV activity than that of tannins (SI = 1−10)  [  10  ] ,  fl avonoids 
(SI = 1)  [  11,   12  ] , and natural lignins from other plant sources and dehydrogenation polymers of phe-
nylpropenoids (so-called synthetic lignin without the sugar moiety) (SI = 10−100)  [  13  ]  and compara-
ble with that of sulfated polysaccharide (dextran sulfate, curdlan sulfate) and reverse transcriptase 
inhibitors (AZT, ddC) (see Table  18.1 ). However, we found that the standard deviation of antiviral 
activity of polysaccharide-rich LCC fraction (H-Fr.2) (SI = 34,610 ± 56,661) was so large (see 
Table  18.1 ). This may be due to the insolubility of the sample that makes the sterilization by  fi ltration 
through the Millipore  fi lter extremely dif fi cult and thus cause the unexpected bacterial proliferation 
during the cell culture.   

   LCC Samples Prepared by Method II 

 To accurately evaluate the anti-HIV activity of LCCs, it was essential to dissolve completely and 
sterilize them by autoclave treatment. We found that autoclaved cacao mass LCC (M-Fr.4) showed 
higher anti-HIV activity (SI = 77) (Fig.  18.5a ) than that of autoclaved cacao husk (H-Fr.4)(SI = 46) 
(see Fig.  18.5c ). Superiority of cacao mass over cacao husk was not changed after repeating the 
alkaline-solubilization and acid-precipitation cycle (compare M-Fr.5 in Fig.  18.5b  with H-Fr.5 in 
Fig.  18.5d ). This  fi nding was con fi rmed by another three independent experiments with different 

  Fig. 18.5    Anti-HIV activity of cacao mass and husk LCCs. HIV-1 
IIIB

 -infected ( gray  color) and mock-infected ( white  
color) MT-4 cells were incubated for 5 days with the indicated concentrations of cacao husk LCC (H-Fr.4) or cacao 
mass LCC (M-Fr.4), and the viable cell number was determined by the MTT method and expressed as % of control. 
Data represent mean ± standard deviation from three determinations. Data derived from four independent experiments 
with different batches of samples are summarized in Table   12.1     (Data cited from Reference  [  10  ] . With permission)       
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batches of LCC preparations (see Table  18.1 ). LPS (0.000256–100  m (mu)g/mL) did not show any 
anti-HIV activity (SI= ><1.0) (see Table  18.1 ). We found that lower concentrations (0.8–4  m (mu)g/
mL) of LCCs stimulated the growth of MT-4 cells very slightly (maximum hormetic response = 15.1%) 
(see Fig.  18.5a ).    

   Anti-in fl uenza Virus Activity 

   LCC Samples Prepared by Method I 

 The cacao husk acid-precipitable LCC (H-Fr.1) also potently inhibited the cytopathic effect induced in the 
MDCK cells by the in fl uenza virus infection. The cacao husk polysaccharide-rich LCC (H-Fr.2) 
(EC 

50
  = 0.009 mg/mL; CC 

50
  = 1.447 mg/mL, SI = 155) (Fig.  18.6b ) showed higher anti-in fl uenza virus activ-

ity than LCC fraction (H-Fr.1) (EC 
50

  = 0.042 mg/mL; CC 
50

  = 1.093 mg/mL, SI = 26) (Fig.  18.6a  and  b ).    

  Fig. 18.6    Anti-in fl uenza virus activity of cacao husk LCC fractions. In fl uenza virus-infected ( white bar ) or mock-
infected ( black bar ) MDCK cells were incubated for 3 days with the indicated concentrations of H-Fr.1 ( a ) or H-Fr.2 
( b ), and the viable cell number was determined by MTT method. Each value represents mean from triplicate assays 
(Data cited from Reference  [  10  ] . With permission)       
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   Antibacterial Activity 

   LCC Samples Prepared by Method I 

 H-Fr.1, H-Fr.2, M-Fr.1, and M-Fr.2 (1 mg/mL) showed no direct antibacterial activity against 
 Streptococcus mutans, Actinomyces viscosus, Fusobacterium nucleatum,   and Porphyromonas gingi-
valis  (data not shown).   

   Synergistic Action of LCC Fractions and Vitamin C 

   LCC Samples Prepared by Method I 

 Both acid-precipitable and polysaccharide-rich fractions from cacao husk produced typical broad 
peak (Fig.  18.7a ), and the radical intensity was increased with the increase in pH (Fig.  18.7b ). The 
LCC fractions from the cacao husk (H-Fr.1) reproducibly showed higher radical intensity than the 
polysaccharide-rich fractions (H-Fr.2) in two independent experiments (Exps.1 and 2).  

 When the superoxide anion (generated by HX-XOD reaction) was mixed with DMPO, four radical 
peaks derived from the spin adduct (DMPO-OH) were detected by ESR spectroscopy (data not 
shown). Sodium ascorbate (vitamin C) (2.5  m (micro)M) alone did not show any superoxide scavenging 

  Fig. 18.7    Radical production by cacao husk lignin fractions. ( a ) ESR spectra of cacao husk Fr.1 and Fr.2 (2 mg/mL) 
prepared by two different experiments (Exp.1 and Exp.2) were measured in 0.1 M KOH (pH 13.5). ( b ) Radical intensity 
as a function of pH (Data cited from reference  [  9  ] . With permission)       
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activity, but in combination with the cacao husk lignin fractions (H-Fr.1, H-Fr.2), the superoxide 
scavenging activity was synergistically enhanced (Table  18.2 ).  

 When the hydroxyl radical (generated by the Fenton reaction) was mixed with DMPO, four radical 
peaks derived from the spin adduct (DMPO-OH) appeared (data not shown). Vitamin C and the cacao 
husk lignin fractions (H-Fr.1, H-Fr.2) synergistically scavenged the hydroxyl radical (Table  18.3 ). 
Similarly, LCCs from mulberry juice  [  14  ]  and pine cone extract  [  8  ]  synergistically enhanced the radi-
cal scavenging activity of vitamin C.  

 We have previously reported that pine cone LCC fraction enhanced both the radical intensity and 
the cytotoxic activity of vitamin C  [  15  ] . The synergism between lignin and vitamin C seems to be a 
universal phenomenon, suggesting its potential application in cosmetics.   

   Effect of Cacao Husk on Cigarette Smoke-Induced Cytotoxicity 

   LCC Samples Prepared by Method I 

 Cacao husk LCC (H-Fr.1) 100–1,000  m (micro)g/mL stimulated the proliferation of human normal 
gingival  fi broblast (HGF), but not that of human oral squamous cell carcinoma cell line (HSC-2). 
Lower concentration of H-Fr.1 (10  m (micro)g/mL) inhibited the cytotoxicity of cigarette smoke 
 (captured in phosphate buffer, Fig.  18.8a  and  b ) against both HGF (see Fig.  18.8c ) and HSC-2 (see 
Fig.  18.8d ) cells. On the other hand, higher concentration (1,000  m (micro)g/mL) of LCC stimulated 
the cytotoxicity of cigarette smoke in both cells (see Fig.  18.8c  and  d ) (Sakagami et al., unpublished 
data).    

   Table 18.2    Synergistic superoxide scavenging activity of cacao husk lignin fractions and vitamin C (VC) a    

 DMPO-OOH radical intensity (% of control) 

 Sample  100  m g/mL sample  50  m g/mL sample + 1.25  m M vitamin C 

 H-Fr.1 (Exp. 1)  40.8  54.5 < 70.4 [(100 + 40.8)/2]  Synergism 
 H-Fr.2 (Exp. 1)  91.1  49.1 < 74.6 [(100 + 91.1)/2]  Synergism 
 H-Fr.1 (Exp. 2)  36.0  46.7 < 68.0 [(100 + 36.0)/2]  Synergism 
 H-Fr.2 (Exp. 2)  93.6  88.3 < 96.8 [(100 + 93.6)/2]  Synergism 
 2.5  m M vitamin C  100.0 

   a Data cited from reference  [  9  ] . With permission  

   Table 18.3    Synergistic hydroxyl radical scavenging activity of cacao husk lignin fractions and vitamin C (VC) a    

 DMPO-OH radical intensity (% of control) 

 Sample  100  m g/mL sample  50  m g/mL sample + 1.25  m M vitamin C 

 H-Fr.1  72.4  39.2 < 53.0  Synergism 
 H-Fr.2  82.0  61.4 > 57.8 
 H-Fr.1  70.4  46.2 < 52.0  Synergism 
 H-Fr.2  91.4  49.1 < 62.5  Synergism 
 2.5  m M vitamin  33.6 

   a Data cited from reference  [  9  ] . With permission  
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   Macrophage Activation 

   LCC Samples Prepared by Method II 

 LPS, above 1 or 10 ng/mL, stimulated the NO production by RAW264.7 and J774.1 cells, respectively 
(data not shown). Cacao mass and husk LCC samples (7.8–1,000  m (micro)g/mL), prepared by either 
single or repeated cycles of alkaline solubilization and acid precipitation, showed similar patterns of 
NO production by macrophages (Fig.  18.9a–d ). However, the apparent NO production observed at 
LCC concentrations indicated by arrows was due to the action of the contaminating LPS. LPS con-
tamination was more serious in cacao husk LCC. Cacao husk LCC (7.8  m (micro)g/mL) contained 
approximately 2.9 ng/mL LPS, a concentration enough to induce NO production. NO determination 
by Griess method is in fl uenced by colored materials. Both LCC preparations have brownish color and 
produce pseudopositive reaction, and these values were subtracted from the observed values.  

 Western blot analysis demonstrated that cacao mass LCC (M-Fr.4) (0.015–50  m (micro)g/mL) alone 
did not stimulate iNOS protein expression in RAW264.7 cells but enhanced the LPS-induced iNOS 
protein expression (Fig.  18.10a ). On the other hand, cacao husk LCC (50  m (micro)g/mL) alone 
induced iNOS protein expression slightly, possibly due to higher level of LPS contamination (see 
Fig.  18.10b ). But in this case also, combination of cacao husk and LPS induced much higher levels of 
iNOS protein expression (see Fig.  18.10b ). This data suggests that the action point of cacao LCC may 
be distinct from LPS.    

  Fig. 18.8    Effect of cacao husk LCC (H-Fr.1) on the cytotoxicity induced by cigarette smoke. Cigarette smoke was 
corrected by syringe ( a ) and bubbled into phosphate-buffered saline (PBS) ( b ) and then added to normal human gingival 
 fi broblast (HGF) ( c ) and oral squamous carcinoma cells (HSC-2) ( d )       

0 0.2 0.4 0.78 1.56 3.13 6.25 12.5 25 50

Cigarette smoke solution (v/v%)

R
el

at
iv

e 
vi

ab
le

 c
el

l n
um

be
r 

(%
)

0 0.2 0.4 0.78 1.56 3.13 6.25 12.5 25 50

Cigarette smoke solution (v/v%)

0

20

40

60

80

100

120

R
el

at
iv

e 
vi

ab
le

 c
el

l n
um

be
r 

(%
)

HSC-2

+H-Fr.1

0

50

100

150

200

0 ug/mL
10

100
1000

0 ug/mL
10

100
1000

HGF

+H-Fr.1

50 mL injection synringe

Cigarette

a

c d

b

Smoke

PBS

 



25718 Biological Activity of Cacao Husk and Mass Lignin-Carbohydrate Complexes

  Fig. 18.9    Effect of cacao LCCs on NO production by mouse macrophage-like cells.    RAW264.7 ( a ,  b ) and J774.1 cells 
( c ,  d ) were incubated for 24 h with the indicated concentrations of cacao mass LCC (M-Fr.4, M-Fr.5) ( a ,  c ) or cacao 
husk LCC (H-Fr.4, H-Fr.5) ( b ,  d ) (prepared by Method II), and the extracellular NO concentration ( bar ) and relative 
viable cell number ( circle ) were determined by Griess and MTT method, respectively.  White  and colored symbols rep-
resent  fi rst (Fr.4) and second precipitation (Fr.5), respectively.  Arrows  indicate the range of LCC concentration, the 
effect of which on NO production is expected to be signi fi cantly affected by LPS contamination. Each value represents 
mean from duplicate experiments (Data for M-Fr.4 ( a ) and M-Fr.5 ( c ) cited from Reference  [  10  ] . With permission)       

  Fig. 18.10    Stimulation of LPS-induced iNOS protein expression by cacao LCCs (prepared by Method II). RAW264.7 
cells were incubated for 24 h with the indicated concentrations of cacao mass (M-Fr.4) ( a ) or husk LCCs (H-Fr.4) ( b ) 
in the presence or absence of LPS (100 ng/mL) and processed for Western blot analysis (Data for M-Fr.4 ( a ) cited from 
Reference  [  10  ] . With permission)       
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   No Radical Scavenging Activity 

   LCC Samples Prepared by Method II 

 Cacao mass and husk LCC fractions (M-Fr.4, H-Fr.4) (prepared by Method II) scavenged NO radical, 
generated from NOC-7 in the presence of carboxy-PTIO (Fig.  18.11 ). The 50% effective concentra-
tion of M-Fr.4 and H-Fr.4 was calculated to be 53 and 172  m (micro)g/mL, respectively. In contrast, 
LPS (up to 250  m (mu)g/mL) did not scavenge superoxide anion, hydroxyl radical, or NO radical. 
Combination of LPS and vitamin C did not produce synergistic superoxide radical scavenging activity 
(Sakagami et al., data not shown).    

   Effect on Cytokine Production 

   LCC Samples Prepared by Method II 

 RAW264.7 and J774.1 cells spontaneously produced TNF- a  (alpha) into the culture medium 
(Fig.  18.12a–d ). As compared with RAW264.7 cells (see Fig.  18.12a  and  b ), J774.1 cells spontane-
ously produced one order higher amount of TNF- a  (alpha) (see Fig.  18.12c  and  d ), in consistent with 
previous report  [  16  ] .  

 Cacao husk LCC (H-Fr.4, H-Fr.5) (7.8–1,000  m (micro)g/mL), prepared by either single or two 
cycles of alkaline extraction and acid precipitation, induced much higher TNF- a  (alpha) production 

  Fig. 18.11    NO radical scavenging activity of cacao LCCs (prepared by Method II). The radical intensity of NO gener-
ated from NOC-7 in the presence of carboxy-PTIO without (control) or with 8, 80, or 800  m g/mL of cacao mass 
(M-Fr.4) or husk LCC (H-Fr.4) was measured with ESR spectroscopy. The NO radical intensity was determined by the 
second carboxy-PTI peak indicated by  arrows  and expressed as percent of control. Each value represents mean ± SD 
values from three independent experiments (Data for M-Fr.4, but not for H-Fr.4 cited from reference  [  9  ] . With 
permission)       
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in both RAW264.7 and J774.1 cells (see Fig.  18.12b  and  d ) than cacao mass LCC (M-Fr.4, M-Fr.5) 
(see Fig.  18.12a  and  c ). However, this apparent TNF- a  (alpha) induction by LCCs was due to the 
action of contaminating LPS. Either cacao mass or husk LCC produced only background level of 
pseudopositive reaction for TNF- a  (alpha) determination, in the absence of cells (<16 and <8 pg/mL 
TNF- a  (alpha), respectively) (data not shown). 

 LPS (100 ng/mL) signi fi cantly (p < 0.05) stimulated the IL-1 b  (beta) (a, b), IFN- a  (alpha) (c, d), 
and IFN- g  (gamma) (e, f) production by RAW264.7 cells (Fig.  18.13 ). On the other hand, cacao mass 
LCC (M-Fr.4) did not increase but rather inhibited these cytokine production at higher concentration 
(a, c, e). Cacao husk LCC (H-Fr.4) at higher concentrations stimulated the production of IL-1 b  (beta) 
(b) and IFN- a  (alpha) (d), possibly due to the action of contaminating LPS, but not that of IFN- g  
(gamma) (f) (see Fig.  18.13 ).    

   Effect of LPS Contamination 

 There is a possibility that cacao mass and husk may have been originally polluted with LPS that is an 
important component of the outer membrane of Gram-negative bacteria because the bacteria are 
widely distributed into the natural environment such as water (rivers and sea), air, and soil. In addition, 

  Fig. 18.12    Effect of cacao LCCs on TNF- a  (alpha) production by mouse macrophage-like cells. RAW264.7 ( a ,  b ) 
or J774.1 cells ( c ,  d ) were incubated for 24 h with the indicated concentrations of cacao mass LCC (M-Fr.4 or M-Fr.5) 
( a ,  c ) or cacao husk LCC (H-Fr.4 or H-Fr.5) ( b ,  d ), and the extracellular TNF- a  concentration ( bar ) was determined by 
ELISA.  White  and  gray  symbols represent  fi rst (M-Fr.4, H-Fr.4) and second (M-Fr.5, H-Fr.5) precipitation samples. 
 Arrows  indicate the range of LCC concentration, the effect of which on TNF- a  (alpha) production is due to contaminat-
ing LPS. Each value represents mean from duplicate experiments. Either cacao mass or husk LCC produced only 
background level of pseudopositive reaction for TNF- a  (alpha) determination (<16 and <8 pg/mL TNF- a  (alpha), 
respectively) (data not shown) (Data for M-Fr.4 and M-Fr.5 ( a ,  c ) cited from reference  [  10  ] . With permission)       
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the contaminated LPS is similarly extracted with alkaline solution and precipitated with acid during 
the isolation step of LCC. This may explain why cacao husk LCC (outer shell of cacao beans) has 
been contaminated with LPS more heavily than cacao mass LCC. Higher concentration (100  m (micro)
g/mL) of LPS contamination did not affect the anti-HIV activity, whereas much lower concentration 
(0.01 ng/mL) of LPS contamination seriously affected the cytokine production in macrophage-like 
cells. Most of previous studies have not paid attention to such LPS contamination in the LCC prepara-
tions. Alkaline extraction step that is necessary for the preparation of LCC has both merit and demerit. 
Merit is the chemical inactivation of LPS. Demerit is the degradation of LCC into its smaller size. 
Therefore, the conditions for alkaline extraction should be optimized to maximize the LPS inactiva-
tion and minimize the loss of biological activity.  

   Summary 

 The present study demonstrated that highly solubilized and sterilized cacao mass LCC, manufactured 
by autoclave treatment under mild alkaline condition, showed higher anti-HIV activity (SI = 39.0−61.3) 
than that of LCCs prepared from cacao husk (SI = 28.0−44.5) and other eight plant species 
(SI = 26.8 ± 30.0)  [  8  ] . This was not due to LPS contamination since the EC 

50
  of cacao mass is approxi-

mately 4  m g/mL (see Fig.  18.2 ), and LPS (100  m g/mL) showed no anti-HIV activity (see Table  18.1 ). 

  Fig. 18.13    Effect of cacao LCCs on production of other cytokines by RAW264.7 cells. RAW264.7 cells were incu-
bated for 24 h with various concentrations of cacao mass (M-Fr.4) ( a ,  b ,  c ) or cacao husk LCCs (H-Fr.4) ( b ,  d ,  f ), or 
LPS (100 ng/mL), and extracellular concentration of IL-1 b  (beta) ( a ,  b ), IFN- a  (alpha) ( c ,  d ), and IFN- g  (gamma) 
( e ,  f ) was then determined by ELISA. Each value represents mean ± SD of triplicate determinations. Either cacao mass 
or husk LCC produced only background level of pseudopositive reaction for IL-1 b  (beta), IFN- a  (alpha), and IFN- g  
(gamma) determination (data not shown)* <0.05 (Data for M-Fr.4 ( a ,  c ,  e ) cited from reference  [  10  ] . With 
permission)       

 



26118 Biological Activity of Cacao Husk and Mass Lignin-Carbohydrate Complexes

 The present study con fi rmed our previous  fi nding that cacao husk LCC stimulated RAW264.7 cells 
to produce TNF- a  (alpha)  [  9  ]  and further showed that both cacao mass and husk LCCs stimulated 
both RAW264.7 and J774.1 cells to produce not only TNF- a  (alpha) (see Fig.  18.12 ) but also NO (see 
Fig.  18.9 ). Only cacao husk LCC, but not cacao mass LCC, stimulated IL-1 b  (beta) and IFN- a  (alpha) 
production (see Fig.  18.13b  and  d ). However, this apparent stimulation of cytokine and NO produc-
tion was mostly due to the action of contaminating LPS. 

 Our recent DNA microarray analysis demonstrated that relatively higher concentrations of LCC 
from  Lentinus edodes  mycelia extract (LEM) induced the expression of various immune response-
related genes, most of which were overlapped with that induced by LPS  [  17  ] . LPS has been reported 
to induce the production of cytokines by Toll-like receptor (TLR) signaling pathway through TLR4 
 [  18  ]  and activated Janus kinase 2 (JAK2), which compose JAK-STAT (signal transducer and activator 
of transcription) signaling pathway  [  19  ] . Both LEM-LCC and LPS modi fi ed the immune response-
related gene expression, but LPS more strongly affected the immune response-related gene expression 
than LEM-LCC  [  17  ] . Recently, we found that LCC from LEM, but not LPS, signi fi cantly enhanced 
the expression of dectin-2 gene  [  20  ] . It remains to be investigated whether cacao mass LCC induces 
similar changes in gene expressions and whether lower concentrations of LCCs show different effects, 
as compared with those observed at higher concentrations. 

 We have also found that cacao mass (0.015–50  m g/mL) and husk LCCs (0.015–5  m g/mL) alone did 
not stimulate iNOS protein expression but enhanced the iNOS protein expression triggered by LPS in 
RAW264.7 cells (see Fig.  18.10 ). This suggests that the action point of LCCs may differ from that of 
LPS. We found that cacao husk LCC (50  m g/mL) that contains approximately 80 ng/mL LPS induced 
only one-fourth of NO production that is expected (see Fig.  18.9b ). This reduction of extracellular NO 
level may be in part due to the NO scavenging activity of cacao husk LCC (see Fig.  18.11 ). This sug-
gests that cacao husk that contains higher amount of LPS than cacao mass LCC produces NO, but 
some of which is scavenged by phenylpropenoid portions of LCC. 

 We have previously reported that protein-bound polysaccharide, PSK, stimulated the differentiat-
ing-inducing activity of TNF- a   [  21  ]  and IFN- g   [  22  ]  against human myelogenous leukemic cells 
toward maturing macrophage-like cells. It remains to be investigated whether cacao LCCs may stimu-
late the biological activity of TNF- a  (alpha) and IFN- g  (gamma). 

 We have demonstrated that LCCs, present in huge amount in the natural kingdom, showed 
extremely higher antiviral activity than other lower molecular weight polyphenols such as tannins and 
 fl avonoids and synergistic effects with vitamin C. These promising properties of LCC suggest its pos-
sible application to various virus-related diseases.    In fact, lignin and vitamin C tablet treatment suc-
cessfully reduced the severity of symptoms and the reduction in the recurrent episodes of HSV-1-infected 
patients  [  23  ] .      
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    Introduction 

 Chocolate was considered medicinal in ancient times  [  1  ] . Following on the Olmecs, Mayans, and 
Aztecs, the Spanish and other Europeans identi fi ed many medicinal uses  [  2  ] . Chocolate consumption 
has also long been associated with pleasure. Popular claims confer on chocolate the properties of 
being a stimulant, relaxant, euphoriant, aphrodisiac, tonic, and antidepressant  [  3  ] . 

    Chapter 19   
 Clinical Bene fi ts of Cocoa: An Overview       

      Margarida   Castell             ,    Francisco   Jose   Pérez-Cano ,             and    Jean-François   Bisson                

 Key Points 

    Cocoa intake enhances antioxidant defenses quickly and over a short period after ingestion.  • 
  Epidemiological studies indicate that cocoa has a cardioprotective effect by improving endothelial • 
function and decreasing platelet aggregation and blood pressure.  
  Clinical evidence suggests that cocoa can be a new and interesting food for regulating mood and • 
brain disorders.  
  Cocoa  fl avonoids have in vitro anti-in fl ammatory effects, and preclinical studies show this poten-• 
tial. The immunomodulatory power of cocoa, demonstrated preclinically, may be bene fi cial in 
reducing certain states of autoimmunity and hypersensitivity.  
  Although in vitro studies have shown that cocoa  fl avonoids exert antitumoral effects, further stud-• 
ies are needed.    
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 In recent years, the consumption of cocoa has been associated with healthy effects preventing oxi-
dative stress. Throughout this chapter, and indeed the whole book, the bene fi cial actions of cocoa 
products on the cardiovascular system and central nervous system are presented; moreover, experi-
mental studies suggest that cocoa has positive effects on the modulation of cancer development and 
immune function, including in fl ammatory process. Here we focus on the recent literature showing the 
clinical effects of cocoa and, where clinical evidence has not already been reported, on experimental 
models in vivo.  

   Evidence of Antioxidant Properties of Cocoa 

 Many of the bene fi cial effects of chocolate are associated with the antioxidant effects of the polyphe-
nols contained in cocoa. These polyphenols, mainly  fl avanols such as catechin, epicatechin, and pro-
cyanidins, give chocolate antioxidant activity. In addition, condensed tannins (proanthocyanidins) 
may also become bioactive antioxidants after colonic fermentation  [  4,   5  ] . One serving of dark choco-
late is thought to impart a greater antioxidant capacity than the average amount of antioxidants con-
sumed daily in the United States  [  6  ] . However, there is some dispute about its antioxidant action when 
cocoa is consumed with milk: some studies reported a decrease of this activity when added to milk  [  4  ] , 
while other studies suggest that milk only lowered the excretion of some urinary metabolites  [  7  ] . 

 The antioxidant activity of cocoa  fl avanols is attributed to their capacity to neutralize free radicals, 
inhibit the enzymes responsible for reactive oxygen species (ROS) production, chelate metals, and 
upregulate antioxidant defenses  [  8  ] . Quercetin, a minor  fl avonoid in cocoa, and other non fl avonoid 
compounds present in cocoa, particularly methylxanthines, also contribute to cocoa’s antioxidant 
activity by neutralizing radicals and chelating metal ions  [  9  ] . On the other hand, it has been proposed 
that ingested  fl avonoids produce no direct antioxidant effect in vivo but modify protein kinases medi-
ating signal transmission, thus inducing antioxidant gene expression or inhibiting oxidant gene expres-
sion  [  10  ] . However, despite these antioxidant characteristics,  fl avonoids in excess or in the presence 
of redox-active metals can become prooxidants  [  11  ] . 

 A large number of in vitro studies have demonstrated the antioxidant properties of cocoa  [  8,   12  ] . 
Going beyond in vitro assays, a smaller number of studies have investigated the effects of cocoa 
in vivo. Cocoa intake increases total antioxidant capacity (TAC) and decreases lipid oxidation prod-
ucts in plasma  [  13  ]  and tissues  [  14  ] , an effect that can be attributed to  fl avonoid accumulation  [  15  ] . 
Cocoa intake is able to induce antioxidant enzymes such as superoxide dismutase and glutathione 
peroxidase  [  16  ] . Cocoa also improves antioxidant defenses in oxidative stress situations. Thus, a long-
term diet supplemented with cocoa  fi ber reduces lipid peroxidation in hypercholesterolemic rats  [  17  ] , 
and cocoa supplementation reduces plasma 8-isoprostane in obese diabetic rats  [  18  ] . 

 In addition to the in vivo assays in animals, the antioxidant power of cocoa and chocolate has been 
assessed in dietary intervention trials in humans  [  19  ] . In the plasma of healthy volunteers consuming 
dark chocolate, increased TAC and decreased presence of lipid oxidation products have been reported 
 [  20  ] . Similar results were found in volunteers who consumed procyanidin-rich chocolate  [  21  ] . In 
these studies, enhancement of TAC was greatest 2 h after chocolate ingestion and returned to basal 
values 6 h after cocoa intake, probably because of the short plasma half-life of  fl avonoids and their 
uptake in cells. A crossover trial on 12 healthy volunteers consuming dark chocolate, dark chocolate 
with full-fat milk, or milk chocolate showed that 1 h after the ingestion of dark chocolate, plasma TAC 
values increased by 20%, whereas no changes were reported after ingestion of dark chocolate with 
milk or milk chocolate  [  22  ] . 

 An interesting report shows the action of cocoa on prooxidant situations. The consumption of 
100 g of chocolate (0.2% polyphenols) for 2 weeks counteracted oxidative stress in soccer players, as 
was shown by reductions in plasma malondialdehyde and  a -tocopherol increases  [  23  ] . 
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 There have also been studies that failed to show any antioxidant effects of cocoa, although there 
were signi fi cant health outcomes, as mentioned in the next sections. The lack of such evidence may 
be due to the fast metabolism of  fl avonoids or alternatively to the healthy status of the subjects 
recruited in the study  [  24  ] .  

   Cocoa for Cardiovascular Health 

 Over the last few years, clinical trials have indicated that cocoa-derived products are able to reduce 
some factors involved in the risk of cardiovascular disease: high blood pressure (BP), excessive plate-
let activation, and high LDL concentration and oxidation, among others. 

 Dark chocolate consumption has been associated with lower BP  [  25–  28  ] , although some trials 
have also reported con fl icting results  [  29,   30  ] . Recent meta-analyses including 10–13 trials conducted 
in hypertensive and normotensive individuals in the last 15 years have concluded that dark chocolate 
is superior to a placebo in reducing systolic hypertension or diastolic prehypertension, and as a result, 
the authors felt that cocoa products could be recommended as a treatment option for hypertension 
 [  31,   32  ] . However, most of these studies included a relatively small number of subjects, and their 
results are questionable due to their lack of rigor or parallel bioavailability studies  [  33,   34  ] . Davinson 
et al.  [  35  ] , using four different doses of cocoa  fl avanols, report the reduction of the mean arterial BP 
in 52 postmenopausal women with untreated mild hypertension, although no evidence of dose 
response was observed. The lowering BP activity of cocoa has also been found in patients with coro-
nary artery disease (CAD)  [  36  ] . Blood pressure reduction after the consumption of a high dose of dark 
chocolate for 3 months in a study performed in 102 patients with prehypertension/stage 1 hyperten-
sion and established cardiovascular end-organ damage or diabetes mellitus has been reported  [  32  ] . 
On the other hand, it has been suggested the role of theobromine in decreasing BP. However, Van Den 
Bogaard et al.  [  37  ] , in a double-blind placebo trial using  fl avanol-rich cocoa beverages with natural or 
added theobromine, concluded that although after 2 h of consumption the central systolic BP was 
signi fi cantly lowered by the theobromine-added beverage, the 24-h ambulatory or central BP was not 
affected. 

 The BP-lowering properties of cocoa may be associated in part to modulation of endothelial func-
tion  [  38,   39  ] . In this regard, a recent study associates the action of  fl avanols with the optimal nitric 
oxide (NO) concentrations that produce vasodilatation and therefore a decrease in BP  [  40  ] . Cocoa 
 fl avanols attenuated an exercise-induced increase in BP in a study of 21 volunteers after a single serv-
ing by improving endothelium-dependent  fl ow-mediated dilatation (FMD)  [  41  ] . However, other stud-
ies have shown an effect on FMD without modulation of BP  [  42  ] . Moreover, in recent years, some 
mechanisms for this effect have been suggested. Heiss et al.  [  36  ]  recently demonstrated that in patients 
with CAD, the improvement in endothelial function associated with cocoa  fl avanols is mediated, after 
a dietary high- fl avanol intervention lasting for 30 days, by an enhancement in the number and func-
tion of circulating angiogenic cells. Positive effects on the reduction of platelet aggregation by dark 
chocolate have been reported as well, but neutral effects have also been found  [  43  ] . 

 The saturated fat present in dark chocolate does not adversely affect the blood lipid pro fi le. On the 
contrary, and due to its richness in polyphenols, both the short- and long-term interventions, per-
formed until now with cocoa, evaluating this aspect seem to signi fi cantly reduce serum LDL and total 
cholesterol (TC) and increase HDL concentrations  [  44,   45  ] . In most studies, consumption of cocoa 
sources induced a reduction in LDL and TC in hypercholesterolemic individuals  [  43  ]  or in healthy 
subjects  [  46  ] . 

 Moreover, the effects of chronic cocoa consumption on in fl ammatory cellular and serum biomark-
ers related to atherosclerosis, an important factor in the development of heart disease, have also been 
reported  [  47  ] . A recent trial involving volunteers with a high risk of cardiovascular diseases taking 
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cocoa with skimmed milk for 4 weeks showed the effect of cocoa on increasing plasma HDL and 
decreasing plasma oxidized LDL concentrations  [  48  ] . Therefore, this action adds new evidence to the 
bene fi cial role of cocoa  fl avonoids in preventing cardiovascular diseases. 

 Overall, epidemiological studies suggest that cocoa has a clear cardiovascular-protective effect by 
improving endothelial function and decreasing platelet aggregation and blood pressure. However, 
more studies focused on establishing optimal doses are required.  

   Does Cocoa Affect the Nervous System? Clinical Evidence 

 Scienti fi c proof of the bene fi cial effects of chocolate and cocoa on the nervous system has emerged 
over the last decade  [  49  ] . Cocoa can have bene fi cial effects on cognitive function and mood and can 
also protect nerves from injury and in fl ammation  [  50  ] . 

 Eating chocolate could help to sharpen the mind and give a short-term boost to cognitive skills. It 
has been reported that the consumption of a cocoa drink boosts blood  fl ow to key areas of the brain 
for 2–3 h  [  51  ] . Increased blood  fl ow to these areas of the brain may help to increase performance in 
speci fi c tasks and boost general alertness over a short period. These  fi ndings raise the prospect of 
ingredients in chocolate being used to treat vascular impairment, including ischemic cerebrovascular 
syndromes, dementia, and strokes. The study also suggests that cocoa  fl avanols could be useful in 
enhancing brain function in situations where individuals are cognitively impaired such as fatigue, 
sleep deprivation, or possibly aging. It is suggested that these various independent observations of the 
effect on blood vessels of drinking  fl avanol-rich foods could be because of the increase in circulating 
NO, as mentioned above. 

 Preliminary or pilot evidence has shown that  fl avanol-rich cocoa can increase cerebral blood  fl ow 
both in healthy elderly subjects  [  52  ]  and in healthy young participants, as measured by functional 
magnetic resonance imaging (fMRI) in response to a cognitive task (the task-switching paradigm) 
 [  53  ] . It should be noted, however, that in the fMRI study, no signi fi cant effects were observed in par-
ticipants’ behavioral reaction times, the effect of switching between two sets of rules, or heart rates 
after the ingestion of the  fl avanol-rich cocoa. The authors hypothesized that the fMRI changes may 
have been related to cognitive changes that were not evident in the behavioral measures used in their 
project, especially in the young, healthy participants who were probably functioning at a high level of 
cognitive ability. However, a clinical study  [  54  ]  failed to support the predicted bene fi cial effects of 
short-term consumption of dark chocolate and cocoa on any of the neuropsychological or cardiovas-
cular health-related variables measured. This double-blind, placebo-controlled,  fi xed-dose, parallel-
group clinical trial was performed on 101 healthy volunteer subjects who consumed a 37-g dark 
chocolate bar and about 240 mL of an arti fi cially sweetened cocoa beverage or similar placebo prod-
ucts everyday for 6 weeks. No signi fi cant group-by-trial interactions were found for the neuropsycho-
logical (self-report history questionnaire assessing medical and psychiatric histories), hematological 
(coronary risk panel and C-reactive protein test), or BP variables examined. 

 It has been reported that, in the elderly, a diet high in some  fl avonoid-rich foods is associated with 
better performance in several cognitive abilities in a dose-dependent manner  [  55  ] . Other studies indi-
cated that in young adults, in terms of cognitive performance, an acute dose of cocoa  fl avanols 
improved spatial memory and performance in some aspects of the choice reaction time task  [  56,   57  ] . 
These effects might be explained by the increased cerebral blood  fl ow caused by cocoa but may also 
be due to induced retinal blood  fl ow changes. 

 The effect of chocolate on fatigue appears to have been  fi rst described by the Aztec Emperor 
Montezuma II, who noted, “…the divine drink, which builds up resistance and  fi ghts fatigue. A cup of 
this precious drink [cocoa] permits man to walk for a whole day without food.” The Badianus Codex 
published in 1552 noted the use of cocoa  fl owers to treat fatigue  [  2  ] . According to a recent study  [  58  ] , 
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consumption of a  fl avonoid-rich chocolate product eases the symptoms of chronic fatigue. Results of a 
small, double-blind, randomized, pilot crossover study on ten subjects with chronic fatigue syndrome 
(CFS) indicated that daily consumption of a high-cocoa liquor/polyphenol-rich chocolate signi fi cantly 
improved symptoms of chronic fatigue after 8 weeks, compared with a cocoa liquor polyphenol-free/
low chocolate. Anandamide, previously called arachidonylethanolamide, has a structural similarity 
with tetrahydrocannibol, and other strongly related compounds that are found in cocoa. There are also 
compounds like N-acylethanolamines that block the breakdown of anandamide in cocoa. It may be the 
synergy of these compounds in chocolate that accounts for the results seen in this study. A number of 
biological systems have been implicated in CFS, and there is mounting evidence that oxidative stress 
contributes to the disease process and to some of the symptoms of the illness. The bene fi ts of chocolate 
may be due to the  fl avonoids protecting cells like neuronal cells from oxidative stress. The brain is 
more vulnerable to oxidative stress than other organs due to its low-antioxidant protection system and 
the increased exposure of target molecules to ROS, one of the major damaging agents involved in age-
associated decline  [  59  ] . Some parameters related to neurotransmission also decline during normal 
aging  [  60  ] . Cellular studies examining the potential mechanisms of neuroprotection by  fl avonoids have 
been published, demonstrating that epicatechin prevents neuronal cell death caused by oxidized LDL-
induced oxidative stress. Furthermore, it has been shown that these neuroprotective mechanisms 
involve the modulation of the mitogen-activated protein kinase (MAPK) signaling cascade  [  61  ] . 

 Chocolate contains many chemicals that can affect our mood: caffeine, tyramine,  fl avonoids, phe-
nylethylamine, and others. A theory is that these natural chemicals raise serotonin and endorphin 
concentrations that make us feel good and have a calming effect on brain function, but this does not 
happen to everyone  [  3  ] . Numerous studies have explored the link between chocolate and mood includ-
ing depression. Macht et al.  [  62  ]  gave pieces of chocolate to subjects after viewing  fi lm clips that were 
chosen to induce anger, fear, sadness, and joy. Results indicated that the quality of emotions can affect 
motivation to eat and therefore responses to consuming chocolate. Later, it was reported that the 
mood-elevating properties of chocolate can be enhanced with intention  [  63  ] . According to another 
study  [  64  ] , eating chocolate reduces negative mood compared to drinking water, whereas no or only 
marginal effects on neutral and positive moods were found. 

 A study based on a survey using a web-based questionnaire of 2,692 persons who were suffering 
from clinical depression  [  65  ]  included 61% individuals classi fi ed as “cravers” with the majority being 
women. This group rated chocolate’s capacity to improve their depressed mood as moderate to very 
important. The study says that, after eating chocolate, the volunteers were more likely to feel 
signi fi cantly less anxious and irritated. It also stated that the craving might predict atypical depression 
status. It overviewed chocolate’s effects on mood state, noting its many psychoactive ingredients, 
including several biogenic stimulant amines, two analogues of anandamine (producing effects akin to 
cannabinoid-inducing euphoria), and interactions with several neurotransmitter systems (dopamine, 
serotonin, and endorphins). Some studies have suggested that carbohydrate craving is more closely 
linked to the opioid rather than to the serotoninergic system, with endorphins alleviating dysphoria. 
Thus, chocolate cravings may advance biological mechanisms potentially settling limbic cortex-
mediated activation  [  3  ] . 

 Phenylethylamine is chemically and pharmacologically related to catecholamines and amphet-
amine, and its de fi cit may contribute to a state of depression. The most important methylxanthines 
found in cocoa are caffeine and theobromine. Like carbohydrates, caffeine could be a self-medication 
for people who suffer from depressive symptoms. For example, sedation is an important symptom in 
depression, and methylxanthines can induce a bene fi t arousal through an interaction with adenosine 
receptors  [  66  ] . Cocoa contains several unsaturated N-acylethanolamines, which are structurally 
related to anandamide, and high levels of these substances could interact with other active compounds 
of chocolate and provoke a sensation of well-being  [  67  ] . Finally, magnesium, one of the most quanti-
tatively signi fi cant minerals in cocoa, is known to be potentially effective for treating depression in 
relation to the intraneuronal magnesium de fi cits in depressive patients  [  68  ] . 
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 Another clinical study showed that depressed moods were signi fi cantly related to higher chocolate 
consumption, with  fi ndings being similar in both men and women  [  69  ] . Higher Center for Epidemiologic 
Studies Depression Scale (CES-D) scores within the provisionally depressed range (above the depres-
sion screen threshold) were associated with still greater chocolate consumption. 

 Clinical observations in Parkinson’s disease (PD) patients also suggested an increased chocolate 
consumption  [  70  ] . 498 PD patients and their partners were evaluated through a structured self-ques-
tionnaire asking for consumption of chocolate and nonchocolate sweets, changes in chocolate con-
sumption during the course of the disease, and depressive symptoms. Consumption of chocolate was 
signi fi cantly higher in PD patients compared to controls. Although reasons for increased chocolate 
consumption in PD remain elusive, it may hypothetically be a consequence of the high content of vari-
ous biogenic amines potentially in fl uencing brain monoamine metabolism and/or caffeine analogues 
with potential antiparkinsonian effects. 

 Another area of interest of the effects of chocolate on the nervous system is anxiety. A clinical trial 
performed on 30 human subjects classi fi ed into low and high anxiety traits using validated psycho-
logical questionnaires showed that daily consumption of 40 g of dark chocolate for up to 14 days 
reduced the urinary excretion of the stress hormones cortisol and catecholamines  [  71  ] . 

 Polyphenols and  fl avanols, in particular, appear today to offer new and interesting opportunities to 
regulate mood and brain disorders. Thus, cocoa  fl avanols could enable us to enjoy the bene fi ts of 
chocolate as a therapy, without the excessive and potentially adverse effects linked to carbohydrates 
and lipids. However, further studies are necessary in order to identify the active constituents in the 
nervous system among the various cocoa polyphenols and to understand their mechanism of action in 
the brain.  

   Modulation of In fl ammatory Response and Immune Functions by Cocoa 

 In general,  fl avonoids are associated with an anti-in fl ammatory action. In this regard, the  fl avanols 
contained in cocoa have also been the object of studies, but more of these have been performed 
in vitro. The anti-in fl ammatory role of single cocoa  fl avonoids (epicatechin, catechin, procyanidins) 
has been ascertained and is focused on the secretion of in fl ammatory mediators such as cytokines, 
NO, and ROS by macrophages and other leukocytes  [  12  ] . However, there have been few in vivo and 
human studies until now. 

 In an ex vivo approach, it has been demonstrated that a cocoa diet in rats decreases the secretion of 
tumor necrosis factor alpha (TNF- a ), interleukin 6 (IL-6), NO, and ROS from macrophages  [  72,   73  ] . 
   More interestingly, there are studies suggesting the anti-in fl ammatory effect of cocoa on experimental 
models. The oral administration of a cocoa polyphenolic fraction to mice can inhibit ear edema in a 
dose-dependent manner  [  74  ] . Moreover, rats that received cocoa for a week developed a lower paw 
edema induced by carrageenan and by bradykinin  [  73,   75  ] . On the other hand, the effect of a long 
cocoa diet on experimental models with chronic in fl ammation such as adjuvant arthritis and collagen-
induced arthritis has been reported. The clinical in fl ammation in these animals is only mildly modu-
lated by a cocoa diet, although it does decrease the oxidative stress produced by the chronic 
in fl ammatory response  [  76,   77  ] . 

 With regard to studies on humans, it has been reported that supplementation with cocoa products 
in healthy humans does not affect in fl ammation markers  [  78  ] ; however, a recent cross-sectional analy-
sis showed that the regular intake of dark chocolate by a healthy population in southern Italy is 
inversely related to serum C-reactive protein concentration  [  79  ] . More recently, Monagas et al.  [  47  ]  
reported the effect of cocoa consumption for 4 weeks on some serum in fl ammatory biomarkers, and 
they observed the decrease of some adhesion molecules involved in the recruitment of in fl ammatory 
cells, thereby suggesting new evidence about the anti-in fl ammatory potential of cocoa. 
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 With regard to the immune system, the modulatory effect of cocoa  fl avonoids on lymphocyte cell 
activation and cytokine secretion has been described in vitro  [  80  ] . Regarding in vivo effects, it has 
been reported that a cocoa-enriched diet is capable of modifying the composition and functionality of 
several lymphoid tissues, including the gut-associated lymphoid tissue (GALT). In particular, cocoa 
intake reduced the proportion of Th lymphocytes in the spleen, Peyer’s patches, and mesenteric lymph 
nodes  [  72,   81  ] . Moreover, a cocoa diet does not modify the proliferative response or IL-2 secretion in 
these tissues but does reduce the IL-4 production by splenocytes  [  72,   82  ] . Rats fed a cocoa diet 
showed lower serum IgG, IgM, and IgA concentrations  [  72  ] , and the diet attenuated antibody response 
in immunized rats, which mainly affects the Th2-related isotypes  [  82  ] . Similarly, a cocoa diet was 
able to attenuate the speci fi c antibody response in a model of chronic in fl ammation  [  76  ] . Moreover, 
in the GALT, a cocoa-enriched diet decreased IgA secretion into the gut, and this was accompanied 
by a reduction in the gene expression of several molecules involved in IgA-secreting cell activation, 
gut homing, and IgA synthesis  [  83,   84  ] . Likewise, cocoa-fed animals showed a modi fi ed TLR expres-
sion pattern in gut tissues, which may re fl ect a change in the crosstalk between microbiota and body 
cells induced by a cocoa diet  [  83,   84  ] . 

 In summary, the results obtained from experimental animals suggest the immune modulation capa-
bility of cocoa, especially on pathologies where antibodies are harmful mediators such as in autoim-
mune and allergic diseases. However, no human studies in this area have been performed until now.  

   Association Between Cocoa Consumption and Cancer 

 The diet of the Indians from Kuna Island, on the Caribbean coast of Panama, includes a very high 
intake of  fl avanol-rich cocoa. As they seem to be protected against the development of cancer, among 
other diseases, a link between cocoa consumption and cancer has been established  [  85  ] . 

 Some studies have demonstrated that cocoa  fl avonoids and cocoa extracts have biological activities 
related to antiproliferative and antitumoral effects in vitro and in vivo  [  86  ] . Different experimental 
procedures have shown that either cocoa or cocoa  fl avonoids exert antioxidant, free-radical scaveng-
ing, and metal ion chelating activities, effects on metabolizing enzymes, inhibition of growth factor 
activities, modulation of MAPK pathways, in fl uence on transcription factors, and effects on prolifera-
tion, apoptosis, transformation, migration, and angiogenesis  [  86  ] . However, there is a lack of litera-
ture regarding epidemiological evidences for the protective effects of cocoa against cancer and overall 
mortality  [  87  ] . There are only a few approaches associating  fl avonoid intake (including cocoa as a 
source) with the incidence of different types of cancer  [  88  ] . These observational studies, carried out 
by using the dietary history or food frequency questionnaire methods, consider  fl avonoid consump-
tion ( fl avones,  fl avonols,  fl avanols, procyanidins,  fl avanones, and iso fl avones) and its association with 
some types of cancer. The results suggest some association between a  fl avonoid-rich diet and protec-
tion from cancer. Most of the  fl avonoids considered in these studies are included in cocoa, and some-
times the consumption of chocolate as a source of  fl avonoids is also considered  [  88–  91  ] .  

   Summary 

 Further in vitro and preclinical studies are needed to investigate the mechanisms involved in the 
actions of cocoa and to justify cocoa’s usage as a dietary recommendation for cardiovascular diseases, 
cognitive function, and perhaps also in immune-mediated diseases and cancer. Speci fi cally, long-term 
human studies are required to con fi rm the bene fi ts derived from consumption of cocoa-derived prod-
ucts at its lowest effective intake.      
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    Introduction 

 Endothelial cells, a monolayer covering the luminal surface of all blood vessels, have a strategic local-
ization separating the  fl owing blood from the underlying thrombogenic vascular wall. The endothe-
lium is an important autocrine, paracrine, and endocrine organ with a weight of approximately 1.8 kg 
and a surface of approximately 700 m 2 . Besides being a semipermeable barrier, endothelial cells have 
a key role in maintaining vascular homeostasis. They contribute to maintain blood  fl uidity and control 

    Chapter 20   
 Endothelial Control of Vascular Tone by Chocolate 
and Other Polyphenols       

      Cyril   Auger ,            Noureddine   Idris-Khodja ,           and      Valérie   B.   Schini-Kerth              

 Key Points 

    Endothelial cells play a key role in the control of vascular tone via the release of potent vasodilators • 
such as nitric oxide (NOS) and endothelium-derived hyperpolarizing factor (EDHF).  
  Major cardiovascular diseases are characterized by an endothelial dysfunction as indicated by • 
blunted endothelium-dependent relaxations and often also by the development of endothelium-
dependent contractile responses involving cyclooxygenase-derived metabolites of arachidonic 
acid acting on TP receptors to contract the vascular smooth muscle.  
  Polyphenol-rich sources and, in particular, those containing high levels of  fl avanols and anthocya-• 
nins are potent activators of the endothelial formation of NO and EDHF.  
  Flavanol-rich sources such as cocoa/chocolate have been shown to improve the endothelial function in • 
major cardiovascular diseases such as hypertension, coronary artery diseases, and diabetes.    
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vascular tone mostly via the formation and/or release of several potent vasodilators such as nitric oxide 
(NO), endothelium-derived hyperpolarizing factor (EDHF), and prostacyclin (PGI 

2
 ) (Fig.  20.1 ). Nitric 

oxide, a diffusible gas, is generated from L-arginine by a constitutively expressed enzyme termed 
endothelial NO synthase (eNOS) in response to a great variety of physiological agonists. The endothe-
lial formation of NO is constantly adjusted by a variety of local stimulators, such as shear stress 
induced by  fl owing blood on the endothelial surface, platelet-derived products such as adenosine 
diphosphate and serotonin, products derived from the coagulation cascade such as thrombin, and local 
autacoids such as bradykinin (see Fig.  20.1 ). Nitric oxide will diffuse toward the underlying smooth 
muscle to enhance the activity of soluble guanylyl cyclase, leading to the relaxation of the vascular 
smooth muscle via the cyclic GMP pathway (see Fig.  20.1 ). In addition, NO helps to maintain blood 
 fl uidity by preventing platelet adhesion and activation and also by inhibiting the expression of tissue 
factor, the physiological activator of blood coagulation. In addition, NO also has antiatherosclerotic 

  Fig. 20.1    Endothelial cells play an important role in the control of vascular homeostasis, mostly by releasing several 
potent endothelium-derived relaxing factors. Endothelial nitric oxide synthase (eNOS) generates nitric oxide (NO) from 
L-arginine (L-Arg) after its activation by shear stress via the Src/PI3-kinase/Akt pathway or by a variety of agonists 
(5-HT, serotonin; BK, bradykinin; ADP, adenosine diphosphate) via the calcium/calmodulin pathway (Ca 2+ /CaM). NO 
relaxes vascular smooth muscle cells via activation of soluble guanylyl cyclase (sGC). Endothelium-derived hyperpo-
larizing factor (EDHF) involves the activation of endothelial SK 

Ca
  and IK 

Ca
  channels (small and intermediate conduc-

tance Ca 2+ -activated K +  channels, respectively), inducing hyperpolarization (    ) of the endothelium, which is, 
thereafter, transmitted, in part, to the underlying vascular smooth cells via myoendothelial gap junctions with subse-
quent relaxation. Prostacyclin (PGI 

2
 ) is also a vasodilator and also inhibits platelet activation. Abbreviations: AA, 

arachidonic acid; AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; cGMP, 
cyclic guanosine monophosphate; GTP, guanosine triphosphate; PI3K, phosphatidylinositol 3-kinase; sGC, soluble 
guanylyl cyclase; Src, Src family kinase       
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properties by inhibiting the expression of several proatherosclerotic factors, such as adhesion 
 molecules, growth factors, and proangiogenic factors. In some blood vessels, like in the coronary 
 circulation and the microcirculation, EDHF and NO contribute to regulation of vascular tone 
(see Fig.  20.1 ). Although the nature of EDHF can vary depending on the type of blood vessel and the 
species, EDHF is often characterized by the hyperpolarization of endothelial cells, which is transmit-
ted to the underlying vascular smooth muscle via myoendothelial gap junctions. The hyperpolarization 
of the vascular smooth muscle will, in turn, decrease vascular tone subsequent to the inactivation of 
voltage-operated calcium channels. PGI 

2
  produced by the arachidonic acid cascade can also induce 

relaxation of some blood vessels by enhancing the activity of adenylyl cyclase, leading to subsequent 
activation of the cyclic AMP relaxing pathway in the vascular smooth muscle (see Fig.  20.1 ).  

 Endothelial dysfunction is a hallmark of major types of cardiovascular diseases, such as hyperten-
sion, coronary artery diseases, and diabetes. The endothelial dysfunction is characterized by blunted 
endothelium-dependent relaxations affecting both the NO and the EDHF component and often also 
by the development of endothelium-dependent contractile responses involving vasoconstrictor pros-
tanoids, which act on TP receptors to contract the vascular smooth muscle  [  1,   2  ] . Since the endothelial 
dysfunction appears before structural changes in the arterial wall, it has been suggested to be an 
important early event in the initiation and development of the pathology. Oxidative stress and, in par-
ticular, NADPH oxidase-derived superoxide anions have been suggested to have a major role in 
endothelial dysfunction in part by chemically reacting with NO, thereby decreasing its bioavailability 
and also by decreasing the EDHF component  [  3,   4  ] . 

 It is now well established that diet, one of the most important lifestyle factors, can strongly in fl uence 
the incidence of cardiovascular diseases. Indeed, clinical studies have indicated that diets rich in fruits 
and vegetables  [  5  ] , beverages such as red wine  [  6,   7  ]  and green tea  [  8  ] , and the regular consumption 
of cocoa and chocolate  [  9  ]  are associated with a reduced risk of cardiovascular diseases. The protec-
tive effect has been attributed, at least in part, to their high polyphenol content, which are molecules 
with one or more hydroxyl group on at least one aromatic ring. Polyphenols can be classi fi ed into two 
groups, the  fl avonoids and the non fl avonoids   . The bene fi cial effect of polyphenol-rich sources on the 
cardiovascular system appears to be mediated by two major  fl avonoid classes: the  fl avanols, such as 
catechin and epicatechin, and their oligomers, the procyanidins and the anthocyanins, such as cyani-
din and petunidin, which give the red-purple color to fruits such as grapes. Polyphenols might protect 
the cardiovascular system by different mechanisms. In particular, they have been shown to prevent 
oxidation of low-density lipoproteins  [  10  ] , platelet adhesion and aggregation  [  11,   12  ] , and smooth 
muscle cell proliferation and migration  [  13,   14  ] . They have also been shown to have antiatheroscle-
rotic  [  15,   16  ]  and antithrombotic properties  [  12  ] . In addition, the bene fi cial effect may also be due to 
their ability to affect directly the endothelial function by increasing the formation of the vasoprotec-
tive factors, NO and EDHF. For review, see reference  [  17  ] . 

 This article reviews experimental and clinical evidence suggesting that cocoa, a rich source of 
polyphenols and  fl avonoids, improves the endothelial function in health and diseases, and potential 
biologic mechanisms.  

   Polyphenol-Rich Sources Cause Endothelium-Dependent 
Relaxations: Role of NO and EDHF 

 Although in vitro and animal studies on the vasorelaxant effects of cocoa/chocolate are relatively 
scarce, the ability of several polyphenols and polyphenol-rich sources to induce vasorelaxation has 
been observed in numerous studies for more than two decades. 

 Indeed, in 1993, Fitzpatrick et al. reported that grape-derived products, namely, wines and grape 
juices, induce endothelium-dependent relaxations in rat aortic rings. For this purpose, rings of 3–4 mm 
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from rat aorta were suspended in organ chambers and maintained at 37°C in a physiological salt 
solution to determine changes in isometric tension. After precontraction of rings, the addition of 
increasing concentrations of grape-derived products induced potent relaxations in rings with an intact 
endothelium, whereas only minor effects were observed in those without endothelium  [  18  ] . Moreover, 
the endothelium-dependent relaxation was inhibited by competitive inhibitors of eNOS, indicating the 
involvement of NO. The characterization of the active compounds has indicated that the vasorelaxing 
effects induced by either a grape seed or a pine extract are due, at least in part, to procyanidins 
 [  19–  21  ] . Moreover, a procyanidin-rich Crataegus extract also induced potent NO-mediated relax-
ations in porcine coronary artery rings  [  22  ] . 

 Similarly to grape seed and pine extract, a red wine extract induced full relaxation in intact aortic 
rings, whereas only small relaxations were observed in rings without endothelium at a thousand times 
higher concentration  [  23  ] . The red wine extract also stimulated the endothelial formation of NO, 
which was determined using electron paramagnetic spectroscopy using an NO-speci fi c spin trap  [  23  ] . 
The ability of polyphenol-rich products to induce endothelium-dependent NO-mediated relaxations 
has since been reported in several conductance and resistance arteries from animals, such as the rat 
and rabbit aorta  [  18,   23–  25  ] , the rat mesenteric artery  [  26  ] , the rat cerebral arterioles  [  27,   28  ] , and 
porcine retinal arterioles  [  29  ]  and coronary artery  [  30  ] . Moreover, NO-mediated relaxations to poly-
phenol-rich products have also been observed in isolated human coronary and internal mammary 
artery  [  31,   32  ]  as well as in human saphenous vein  [  32  ] . Noteworthy, a study reported that procyani-
din-enriched fractions from a cocoa extract were able to induce relaxations in rabbit aortic rings 
subsequent to the activation of eNOS  [  33  ] . 

 However, although NO-mediated relaxations are often an important component of the endothe-
lium-dependent relaxation induced by polyphenols, they may also involve an EDHF component, 
especially in resistance arteries and the coronary circulation. The  fi rst study demonstrating the involve-
ment of EDHF in the polyphenol-induced relaxation was performed using porcine coronary artery 
rings and a red wine extract  [  34  ] . These authors showed that red wine extract is able to induce in a 
concentration-dependent manner an endothelium-dependent EDHF-mediated relaxation associated 
with hyperpolarization of the vascular smooth muscle. Moreover, the polyphenol-induced EDHF-
mediated relaxation has also been observed in porcine coronary artery rings using the procyanidin-
rich Concord grape juice  [  35  ] , as well as in the mesenteric arterial bed using several polyphenol-rich 
natural sources  [  26,   36–  38  ] . 

 Interestingly, while polyphenols have been described as antioxidant in vivo  [  10  ] , the endothelium-
dependent relaxation appears to involve an intracellular redox-sensitive mechanism. Indeed, the 
endothelium-dependent NO- and EDHF-mediated relaxations to red wine extract in porcine coronary 
artery rings were signi fi cantly reduced by membrane-permeant analogues of both superoxide dis-
mutase and catalase  [  34,   39  ] . Moreover, the native enzymes (superoxide dismutase and catalase), 
which are unable to cross the cell membrane, did not affect these relaxations. Similar observations 
were made with other polyphenol-rich sources such as grape juice  [  35  ] , a grape skin extract  [  40  ] , a 
procyanidin-rich Crataegus extract  [  22  ] , and isolated polyphenols such as epigallocatechin gallate 
 [  41  ] . Taken together, these results suggest that the intracellular generation of reactive oxygen species 
mediates the stimulatory effect of polyphenols on the endothelial formation of NO- and EDHF-
mediated responses (Fig.  20.2 ).  

 Further characterization of the polyphenol-induced signaling pathway leading to the formation of 
NO and activation of EDHF-mediated responses has been undertaken in cultured endothelial cells. 
A recent study indicated that (−)epicatechin, the major monomeric  fl avonoid present in cocoa  [  42  ] , 
activates eNOS by phosphorylation of serine 633 and 1177, two positive regulatory sites, as well as 
by dephosphorylation of threonine 495, a negative regulatory site, in human coronary artery endothe-
lial cells  [  43  ] . Moreover, several studies using cultured endothelial cells demonstrated that the poly-
phenol-induced prooxidant response triggers the Src/PI3-kinase/Akt pathway, leading to the activation 
of both NO and EDHF pathways (see Fig.  20.2 )  [  30,   35,   39,   43,   44  ] . 
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 In addition to the redox-sensitive PI3-kinase/Akt-dependent pathways, NO and EDHF can also be 
activated by an increase in the calcium signaling pathway in endothelial cells; both of these pathways 
act most likely in a synergistic manner (see Fig.  20.2 ). Indeed, the epicatechin-induced activation of 
eNOS is partially reduced in the absence of extracellular calcium  [  45  ] . Interestingly, while the absence 
of calcium reduces the dephosphorylation of threonine 495, suggesting it is a calcium-dependent 
event, the phosphorylation of the activator sites serine 633 and serine 1177 was not altered, suggesting 
that they are not regulated by the calcium signaling pathway  [  45  ] . Moreover, the formation of NO in 
cultured endothelial cell induced by red wine extract is associated with an increase in the intracellular 
concentration of calcium  [  46  ] .  

   Polyphenol-Rich Sources Improve Endothelial Function 
in Experimental Animals 

 Recent studies indicate that cocoa and other polyphenol-rich sources may exert bene fi cial effect on 
the endothelial function in vivo. Indeed, several studies have shown that oral supplementation with 
polyphenol-rich sources improves the endothelial function in various animal models of cardiovascular 

  Fig. 20.2    Polyphenols and polyphenol-rich sources induce endothelium-dependent NO- and EDHF-mediated 
relaxations. Polyphenols are potent inducers of the endothelial formation of nitric oxide (NO) and endothelium-derived 
hyperpolarizing factor (EDHF) via a redox-sensitive mechanism. Abbreviations: AA, arachidonic acid; ATP, adenosine 
triphosphate; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; COX, cyclooxyge-
nase; eNOS, endothelial NO synthase; GTP, guanosine triphosphate; IK 

Ca
 , intermediate conductance calcium-activated 

potassium channels; L-Arg, L-arginine; PI3K, phosphatidylinositol 3-kinase; sGC, soluble guanylyl cyclase; SK 
Ca

 , 
small conductance calcium-activated potassium channels; Src, Src family kinase       
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pathologies associated with endothelial dysfunction such as hypertension, atherosclerosis, and 
diabetes. 

 The study by Cienfuegos-Jovellanos et al. reported that a single oral administration of a polyphenol-
enriched cocoa powder signi fi cantly decreased blood pressure of spontaneously hypertensive rats, a 
genetic model of hypertension  [  47  ] . Moreover, the highest dose of cocoa powder (300 mg/kg body 
weight) was able to induce an antihypertensive effect similar to 50 mg/kg of captopril, a well-known 
antihypertensive drug, while being without effect in control normotensive rats  [  47  ] . Similarly, ingestion 
of a soluble cocoa  fi ber product partially inhibited the development of hypertension in spontaneously 
hypertensive rats  [  48  ] . Blood pressure reduction in spontaneously hypertensive rats has also been reported 
after ingestion of other polyphenol-rich sources such as blueberry  [  49  ] , green and black tea extracts  [  50  ] , 
grape seed extract  [  51  ] , and red wine  [  52  ] . Moreover, the reduction in blood pressure induced by oral 
supplementation of red wine was associated with an improved endothelial function  [  52  ] . In addition, red 
wine products have also been shown to improve the endothelial function and reduce blood pressure in 
several other models of hypertension such as the N G -nitro-L-arginine-induced hypertension  [  53,   54  ] , the 
angiotensin II-induced hypertension  [  55  ] , and the DOCA salt-induced hypertension  [  56  ] . 

 Among other cardiovascular diseases associated with an endothelial dysfunction, atherosclerosis 
is of particular interest due to its involvement in human cardiovascular death toll. Dietary supplemen-
tation with either cocoa liquor polyphenols or cocoa powder for 6 months signi fi cantly reduced the 
extent of atherosclerotic lesions in the aorta of Kurosawa and Kusanagi-hypercholesterolemic rabbits, 
a spontaneously hypercholesterolemic model  [  57,   58  ] . 

 Interestingly, cocoa may also improve cardiovascular health and endothelial function by prevent-
ing the associated risk factors such as diabetes and the metabolic syndrome. Indeed, supplementation 
of the diet with cocoa signi fi cantly reduced the blood glucose level in both diabetic rats and mice 
 [  59,   60  ] . Similarly, ingestion of proanthocyanidin-rich grape extracts signi fi cantly reduced blood 
pressure in a model of insulin resistance, the fructose-fed rat  [  61  ] . 

 Finally, recent data suggest that the polyphenol-rich cocoa may also prevent endothelial dysfunc-
tion associated with aging. Indeed, oral administration of a polyphenol-rich red wine extract improved 
aging-related endothelial dysfunction as well as the exercise capacity of middle-aged rats  [  62  ] .  

   Cocoa/Chocolate and Endothelial Function in Humans 
in Health and Disease 

 A certain number of clinical studies have evaluated the effect of intake of cocoa-derived products on 
the endothelial function in healthy humans but also in patients presenting risk factors for cardiovascu-
lar diseases such as hypertension, diabetes, smoking, and coronary artery disease. The noninvasive 
measurement of the endothelial function is often assessed in humans using brachial artery  fl ow-
mediated vasodilatation. For this purpose, high-frequency ultrasound assessments of changes in bra-
chial artery diameter are determined at baseline and after a 5-min arterial occlusion induced by an 
in fl ated blood pressure cuff. Following release of the in fl ated cuff, blood  fl ow resumes, triggering the 
activation of endothelial cells by shear stress, which leads to the PI3-kinase/Akt-dependent activation 
of eNOS, and ultimately the NO-mediated vasodilatation. In addition, the endothelial function can also 
be evaluated by peripheral vasodilatation in response to ischemia as assessed by pulse-wave amplitude 
on the  fi nger. Endothelial dysfunction is indicated by reduced  fl ow-mediated vasodilatation, which is 
usually associated with the presence of risk factors and increases with the number of risk factors. 

 In healthy subjects, daily intake of a  fl avanol-rich cocoa drink (821 mg total  fl avanols per day) for 
4 days has been shown to cause peripheral vasodilatation and an improvement in the vasodilator 
response to ischemia as assessed by pulse-wave amplitude on the  fi nger  [  63  ] . N G -nitro-L-arginine 
methyl ester, an NO synthase inhibitor, prevented the cocoa drink-induced vasodilatation demonstrating 
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the involvement of NO  [  63  ] . Intake of a high- fl avanol cocoa drink (917 mg total  fl avanols) but not of 
a low- fl avanol (37 mg total  fl avanols) cocoa drink also increased at 1–3 h brachial artery  fl ow-mediated 
vasodilatation in healthy subjects; this effect was paralleled by an augmentation of nitroso species 
(RXNO, an indicator of the formation of NO metabolites) and  fl avanols/metabolites in plasma  [  64  ] . 
Moreover, oral ingestion of pure epicatechin (1 and 2 mg/kg) resulted in a similar time- dependent 
increase in  fl ow-mediated vasodilatation as the high- fl avanol cocoa drink  [  64  ] . Daily intake of high-
 fl avonoid (213 mg procyanidins, 46 mg epicatechin) dark chocolate bar (46 g) by healthy subjects 
improved endothelium-dependent  fl ow-mediated dilation of the brachial artery as compared to a low-
 fl avonoid chocolate bar, and this effect is associated with an increased plasma epicatechin concentra-
tion  [  65  ] . Moreover, acute ingestion of drinks containing 2–26 g of cocoa dose-dependently (from 9.3 
to 146.0 mg of  fl avanols) increased brachial artery  fl ow-mediated vasodilatation in healthy older 
humans (63 ± 2 years)  [  66  ] . A  fl avonoid-rich dark chocolate (cacao polyphenols 550 mg/day) improved 
also the coronary circulation in healthy adults as assessed by noninvasive transthoracic Doppler 
echocardiography  [  67  ] . Altogether, these observations indicate that  fl avanol-rich cocoa products 
induce NO-mediated endothelium-dependent dilatation in several vascular beds in healthy humans 
and that this effect is mediated, at least in part, by epicatechin. 

 In patients presenting with at least one cardiovascular risk factor such as coronary artery disease, 
hypertension, diabetes, or smoking, intake of 100 ml of a high- fl avanol cocoa drink containing 176 mg 
of  fl avanols but not a low- fl avanol cocoa drink (less than 10 mg of  fl avanols) reversed endothelial 
dysfunction as assessed by  fl ow-mediated dilation of the brachial artery  [  68  ] . The improved vasodila-
tation was paralleled with an increased plasma NO bioavailability  [  68  ] . In hypertensive patients with 
impaired glucose tolerance and in patients with untreated essential hypertension, intake of a 100 g of 
a  fl avanol-rich dark chocolate bar, but not a  fl avanol-free white chocolate bar, improved  fl ow-mediated 
dilation of the brachial artery, insulin sensitivity, and blood pressure  [  69,   70  ] . Intake of 100 g of a 
 fl avanol-rich dark chocolate bar also reduced systolic and diastolic blood pressure in elderly subjects 
with isolated hypertension  [  71  ] . Moreover, daily intake of 6.3 g of dark chocolate containing 30 mg 
of polyphenols in subjects with untreated upper-range prehypertension or stage 1 hypertension with-
out concomitant risk factors reduced both systolic and diastolic blood pressure accompanied by an 
increased NO bioavailability and appearance of cocoa polyphenols in plasma  [  9  ] . Although a bene fi cial 
effect of cocoa/chocolate on blood pressure has been observed in several studies, others did not 
observe a bene fi cial effect on blood pressure. Indeed, intake of a  fl avanol-rich cocoa drink (approxi-
mately 900 mg  fl avanols per day) in subjects with essential hypertension enhanced insulin-mediated 
vasodilatation without affecting blood pressure and insulin resistance  [  72  ] . Moreover, daily intake of 
50 g of dark chocolate with 70% cocoa containing 750 mg polyphenols in prehypertensive healthy 
adults did not improve blood pressure  [  73  ] . Besides hypertension, intake of  fl avanol-rich cocoa/choc-
olate has also been shown to improve endothelial dysfunction in smokers  [  74,   75  ] , diabetic patients 
 [  76  ] , and heart transplant recipients  [  77  ] , whereas no such effect was observed in a study with patients 
with established coronary artery diseases  [  78  ] .  

   Summary 

 Numerous experimental and clinical studies have indicated that  fl avanol-rich cocoa and chocolate are 
able to improve the endothelial function in health and disease mostly by stimulating the formation of 
NO, which, in turn, enhances the protective effect of endothelial cells on the vascular function. The 
bene fi cial effect of cocoa-derived products is often mimicked by  fl avanols, suggesting that they are 
active ingredients. Further studies are needed to better characterize the active  fl avanols/metabolites 
and their bioavailability, the dose-effect relationship, and the molecular targets/mechanisms underly-
ing the vasoprotective effect of cocoa.      
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    Introduction 

 Cardiovascular disease is the leading cause of death worldwide, claiming millions of deaths in both 
industrialized and developing nations. With over 17 million deaths a year, the World Health 
Organization (WHO) has labeled diseases of the heart a pandemic that recognizes no border  [  1  ] . 
Of the 13 million heart attack and stroke deaths each year, most of the deaths come from developing 
nations. Massive public health campaigns representing collaboration between the WHO and member 
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 Key Points 

    Chocolate, which provides a concentrated source of energy because of its high-fat content, belongs • 
to a class of polyphenols known as  fl avonoids, which contain such celebrated foods as red grapes, 
tea, soy, and garlic.  
  Dark chocolate contains the highest amount of  fl avonoid-rich cocoa.  • 
  Both short- and long-term ingestion of chocolate products result in an increase in serum antioxi-• 
dant capacity and a decrease in LDL oxidation, both linked to reduced heart disease risk.  
  Health bene fi ts from chocolate consumption related to cardiovascular disease include the health • 
neutrality of its saturated fatty acid (stearic acid) and protective effects of its  fl avonols, including 
 fl avanols and procyanidins.  
  Health bene fi ts from chocolate consumption related to cardiovascular disease prevention include • 
anti-in fl ammatory functions, which prevent development of fatty streaks in the beginning stages of 
the atherosclerotic process.    
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health agencies have begun to make small strides in certain regions through education, preventive 
services, and treatment  [  1  ] . 

 While cardiovascular disease rates are decreasing slightly, environmental factors, such as nutrition, 
physical activity, and smoking, play a crucial role in the development of this chronic and deadly dis-
ease. Studies have demonstrated a link between excessive intake of saturated fat consumption and heart 
disease, indicating a critical role of diet in heart disease prevention  [  2  ] . High intake of saturated fat, 
along with genetic disposition, may be a primary risk factor for dyslipidemia and elevated low-density 
lipoprotein cholesterol. Long-term consequences of avoiding preventative measures may result in 
clogging of the arteries or oxidative damage. Oxidative damage in the pathophysiology of cardiovas-
cular disease is a multifactorial process involving low-density lipoprotein (LDL) cholesterol, 
in fl ammation, and vasoconstriction, which results in the formation of atherosclerotic plaques and 
thrombosis. 

 For years, public health of fi cials and nutrition experts have emphasized fruit and vegetable con-
sumption for its role in displacing fat consumption and increasing antioxidant and phytochemical 
content. Diets rich in plant-based foods contain signi fi cant amounts of  fi ber, water, vitamins, and 
minerals and are low in sodium, saturated fats, and trans fats. 

 With recent advances in food analysis technology, chocolate, previously considered to play a min-
ute role in human nutrition, has recently been making headlines with regard to its possible cardiopro-
tective characteristics. Chocolate, which provides a concentrated source of energy because of its 
high-fat content, belongs to a class of polyphenols known as  fl avonoids, which contain such celebrated 
foods as red grapes, tea, soy, and garlic. Cocoa contains many oligomeric polymers of the  fl avonoids, 
which include  fl avonol, procyanidin, and anthocyanidin, and the phenolic compounds caffeic acid, 
chlorogenic acid, p-coumaric acid, phenylacetic acid, and phloretic acid  [  3  ] . While some  fl avonoid 
contents are lost in the fermentation and production of chocolate, its potential for supplying polyphe-
nol-rich health bene fi ts should not be disregarded. Dark chocolate contains the highest amount of 
 fl avonoid-rich cocoa. However, when milk is added to chocolate and produces one of the most popular 
forms of chocolate, the milk contributes small amounts of protein, vitamins, and minerals, and sub-
stantial amounts of added saturated fat. The primary fat found in chocolate is cocoa butter, which 
contains the saturated fatty acid, stearic acid. This fatty acid, the  fl avonoid content of chocolate, and 
subsequent effects on lipoprotein oxidation, in fl ammation biomarkers, platelet aggregation, vasodila-
tion, as well as cardiovascular health, in general, have become frequent topics of current research  [  4  ] . 

 With chocolate’s reputation for overconsumption, high calories, and added sugars, cocoa and choc-
olate products are still under scrutiny by many health professionals for reported health claims. This 
chapter provides a background into the historical origins and uses of chocolate as well as its produc-
tion and composition. It also provides a review of the rapidly increasing research literature available 
about the role of chocolate in cardiovascular health and the potential for this world-renowned and 
highly desirable sweet to aid in the prevention of diseases of the heart.  

   Background 

 The cacao tree is a delicate tropical plant that grows 15–25 ft tall in the shade of trees of other crops 
in hot, rainforest climates. In fact, cacao can only be cultivated within a 20° span of the equator. 
Before being introduced to Spain and Europe during the colonization period, the cacao tree, or cocoa, 
originated from the Central or South American region  [  5  ] . The  fi rst European to discover chocolate 
was Christopher Columbus in 1502; however, it was a second discovery by Hernan Cortes in 1528 that 
resulted in chocolate being introduced to the European world. Today, cocoa is grown in Central and 
South America, the Caribbean, and in West African countries such as Ivory Coast and Ghana, which 
produce most of the world’s supply  [  5  ] . 
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 The words cocoa and chocolate originated from the Mayan and Aztec terms cacao and cacahuatl 
and have their origins in reported divine discoveries by Gods in the Central and South American 
mountains  [  6  ] . The scienti fi c name,  Theobroma cacao,  means “food of the Gods,” appropriately 
 referenced by the ancient cultures that  fi rst cultivated and enjoyed the cocoa beans, which are actually 
seeds. Cocoa grows in oval-shaped pods ranging an average of 10 in. and is orange to orange-yellow 
color when mature. The insides of the pods are  fi lled with a cream-colored pulp holding anywhere 
from 20 to 50 cocoa beans. Cocoa has two main species, Criollo and Forastero  [  5  ] . While Forastero, 
found mainly in Brazil and Africa, is more prevalent because of its higher yield and easy cultivation, 
Criollo, found in Central America and the Caribbean, is better known for its exceptional quality 
and grade. 

   History 

 The existing views and uses of chocolate have changed considerably from the early days of its discov-
ery. The Mesoamerican cultures viewed chocolate as magical and mystical. It played an important 
role in the diet for individuals of royalty, wealth, and power  [  7  ] . Chocolate had many uses, ranging 
from medication to currency, and was originally served as a frothy drink to warriors, merchants, and 
individuals of nobility. Far from the cocoa beverage known today, Mayan and Aztec cocoa beverage 
consisted of a frothy drink served cold, spicy, and bitter, with honey, corn, or seasonings such as 
pepper occasionally being added  [  8  ] . 

 Most of the present varieties of chocolate have until recently been considered to have little nutri-
tional value. However, in ancient times, the unprocessed cocoa was valued and used for its healing 
properties for many health problems or complications. Cocoa was considered to reduce intestinal and 
nervous distress, in fl ammation, infection, fever, and gout; have anticancer effects; stimulate the kid-
ney; prolong longevity; and treat tuberculosis. Of signi fi cance to this chapter is the fact that chocolate 
was viewed as being of value for strengthening the heart and for treatment of angina. The medical 
concept of using chocolate for various ailments continued until the twentieth century, when an impar-
tial and more scienti fi c review of these beliefs began to develop  [  6  ] . 

 Since that time, the uses and cultivation of chocolate have continued to evolve and have extended 
globally. When cocoa was introduced to the Spanish, sugar and other  fl avors such as vanilla were 
added and served steaming hot. Following the traditions of the Aztecs and Mayans, it was reserved for 
aristocrats, royalty, and the most noble of men. Kept secret from the rest of Europe for almost a hun-
dred years, drinking chocolate as both a fashionable and medicinal drink quickly spread across 
Europe’s elite after Spain built its  fi rst cocoa processing plant in 1580  [  5  ] .  

   Processing 

 For hundreds of years, the production of chocolate was unchanged and too expensive for consumption 
by the masses because of the high costs associated with cocoa grinding. However, during the era of 
the Industrial Revolution, many changes to the preparation methods of chocolate occurred that resulted 
in the varieties and uses of chocolate that we know today  [  7  ] . 

 Today, the production and manufacturing of chocolate has become a precise and detailed science. 
After roasting and removal of the dried bean fragments, the concentrated pieces of cocoa are then 
grinded to liquefy the cocoa butter, creating nonalcoholic chocolate liquor  [  5  ] . At this stage, the 
chocolate liquor can be used to make either cocoa powder or chocolate using different processes. 
Which one is produced depends on whether the cocoa butter is removed from the liquor during 
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processing. Flavonoid-rich chocolate liquor is a bitter liquid used in many delicious baking recipes. 
Another common baking ingredient is creamy cocoa butter, the vegetable fat from the cocoa bean 
extracted from the chocolate liquor. Whether being consumed as sweet white, milk, or dark chocolate 
or used as a soft creamy mixture for coating, dipping, or glazing, chocolate is available in many sweet 
or bitter varieties. Dark chocolate, available as a dark, semisweet, or bittersweet treat, is the darkest of 
eating chocolate and is high in chocolate liquor with minimal added sweeteners. Milk chocolate is 
made using minimal amounts of chocolate liquor and offers the least amount of  fl avonoids. 
Subsequently, the addition of an alkaline during the production of dark and milk chocolate contributes 
to a reduction of  fl avonoid content.   

   Chocolate Composition 

 Chocolate contains important nutrients that can contribute to the prevention of cardiovascular dis-
eases: lipids, minerals, and polyphenols. From the cocoa plant to the commercially available choco-
late, the bene fi ts of chocolate outweigh the problems of excess calorie consumption. 

   Lipids 

 Cocoa butter is the source of fat in chocolate. Cocoa butter contains saturated fatty acids, stearic acid 
(18:0, 35%) and palmitic acid (16:0, 25%), and the unsaturated fatty acid oleic acid (18:1, 35%)  [  4,   9  ] . 
While saturated fatty acid consumption is associated with increased cardiovascular disease risk, 
stearic acid does not raise plasma LDL cholesterol and has been considered cholesterol neutral 
 [  10,   11  ] . Stearic acid is metabolically different from the other long-chain saturated fatty acids. Several 
animal and human studies have reported a lower absorption rate for stearic acid as compared to other 
fatty acids  [  12,   13  ] . Another signi fi cant factor in its relative absorption rate may be where the stearic 
acid appears on the triglyceride molecule  [  14,   15  ] . Recently, a study found that the lipid composition 
in chocolate might prevent LDL oxidation while modulate the rate of cholesterol absorption  [  16  ] . 
However, more research is needed to establish the exact mechanisms for the distinct neutral choles-
terolemic effects of chocolate lipids.  

   Minerals 

 Cocoa beans contain several minerals, and the amount present in processed chocolate depends 
greatly on the amount of cocoa bean solids present. Dark chocolate has a higher mineral content 
than milk chocolate  [  4  ] . Adequate amounts of calcium, iron, magnesium, phosphorus, potassium, 
sodium, and zinc can be found in 41 g or a 14.5-ounce serving of cocoa, dark chocolate, and milk 
chocolate  [  17  ] . Calcium, potassium, and magnesium consumption have been related to the preven-
tion of cardiovascular disease owing to their role in reducing blood pressure  [  18  ] . In fact, magne-
sium is required for normal heart rhythms, muscle, and nerve function. Magnesium de fi ciency is 
associated with elevated C-reactive protein, blood pressure, and cholesterol as well as arrhythmias 
and tachycardia  [  19  ] . An ounce of dark chocolate contains about 35 mg of magnesium, and a six-
ounce bar will provide about half the DRI (320–400 mg). Milk chocolate only contains about half 
of the magnesium of dark chocolate and owing to the sugar content may result in increased urinary 
magnesium losses  [  20  ] .  
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   Flavonoids 

 Cocoa and chocolate products, and particularly dark chocolate, contain polyphenol compounds that 
may provide cardiovascular protection (Fig.  21.1 ). While phenols consist of one aromatic ring con-
taining at least one hydroxyl group, polyphenols consist of more than one aromatic ring with each ring 
containing at least one hydroxyl group. Flavonoids, a main class of polyphenols found in cocoa and 
chocolate, have a C6-C3-C6 backbone structure. The  fl avonoid group procyanidin is composed of 
 fl avan-3-ol monomers and their respective oligomeric chains of catechins and epicatechins, com-
monly bonded through a 4 → 6 or 4 → 8 linkage or doubly linked with a second inter fl avonoid bond 
formed by C-O oxidative coupling at the 2 → O 7  positions  [  21,   22  ] . While polyphenols and simple 
 fl avonoids are ubiquitous in nature and have been the past focus of food composition research, the use 
of normal phase HPLC has allowed for separation and quanti fi cation of larger oligomers found in 
cocoa and chocolate  [  23,   24  ] .  

 Cocoa and chocolate contain larger oligomeric procyanidins that may contribute to more protective 
health bene fi ts. Procyanidin oligomers have been identi fi ed in raw cocoa and in dark chocolate  [  24  ]    . 
Chocolate contains more total procyanidin content by weight compared to wine, cranberry juice, and 
many varieties of apples. Over 10% of the weight of cocoa powder is  fl avonoids. However, when 
compared by serving size, the procyanidin content in chocolate and apples is equivocal. Apples offer 
more procyanidins per kilocalorie on average than chocolate, 1.3 and 0.9 mg/kcal, respectively  [  21  ] . 
High-cocoa liquor chocolate contains a substantial level of procyanidins, up to decamers, and because 
of the partial alkalization, dark chocolate contains a lower level. Additionally, the procyanidin content 
in cocoa is closely related to its oxygen radical absorbance capacity (ORAC) values, which indicates 
that procyanidins are the primary contributors to cocoa antioxidant capacity  [  23  ] .   

   Bioavailability of Active Components 

 Under the acidic conditions of stimulated gastric juice, oligomeric procyanidins are hydrolyzed to 
monomer and dimeric units so that large quantities of epicatechins may be released and absorbed into 
the small intestine  [  25  ] . However, in vivo investigation of gastric contents every 10 min after cocoa 

  Fig. 21.1    Classi fi cation of 
polyphenols associated with 
prevention of cardiovascular 
diseases       
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beverage ingestion until the stomach was emptied showed no changes in the HPLC pro fi le of 
procyanidins, and no depolymerization of cocoa procyanidins occurred in the stomach  [  26  ]  keeping 
its stability in the gastric tissue  [  27  ] . The discrepancies may be explained by the increased duration of 
exposure and increased pH levels in the in vitro study. Received into the small intestine intact, the high 
molecular weight of cocoa procyanidins is too high for absorption. The major compound present in 
the portal vein after ingestion of dimer units is likely to be epicatechin, which is conjugated to only a 
small extent and not subject to O-methylation. Although epicatechin dimers are not extensively 
absorbed, it is likely they are bioavailable in the forms of epicatechin monomers  [  28  ] . The dimeric 
procyanidins (−)-epicatechin and (+)-catechin have been detected in the plasma of human subjects 
within 30 min of ingesting  fl avanol-rich cocoa and reached maximum concentrations by the second 
hour  [  29  ] . A recent investigation estimating the amounts of phenolic acids formed by the micro fl ora 
and excreted in the urine of humans subjects after consumption of polyphenol-rich chocolate resulted 
in the excretion of the following six phenolic acids:  m- hydroxyphenylpropionic acid, ferulic acid, 
3,4-dihydroxyphenylacetic acid,  m -hydroxyphenylacetic acid, vanillic acid, and  m -hydroxybenzoic 
acid. These phenolic acids also contribute to antioxidant protection and suggest that the antioxidant 
effects of chocolate may not be solely expressed by the absorption of catechin molecules but also by 
the absorption of microbial phenolic acid metabolites  [  30  ] .  

   Role of Chocolate Components in Cardiovascular Disease 

   Antioxidant Function 

 The structural characteristics of chocolate  fl avonoids allow for their potent antioxidant capacity owing 
to their ability to donate hydrogen ions in the process of scavenging free radicals and chelating metal 
ions  [  3,   31,   32  ] . The  fl avonoid content of various foods (Table  21.1 ) and beverages has been quanti fi ed 
by using high-performance liquid chromatography (HPLC) and then further correlated to their anti-
oxidant activity by using oxygen radical absorbance capacity (ORAC) assay  [  21,   23,   24  ] . These meth-
ods are used as measuring devices and indicators of potential health bene fi ts of the procyanidin content 
present in foods. As previously described, chocolate was found to have greater procyanidin content by 

 Source  Flavanol content, mg/kg or mg/L 

 Chocolate  460–610 
 Beans  350–550 
 Apricots  100–250 
 Cherries  50–220 
 Peaches  50–140 
 Blackberries  130 
 Apples  20–120 
 Green tea  100–800 
 Black tea  60–500 
 Red wine  80–300 
 Cider  40 

   a  Reprinted with permission from Corti R, Flammer AJ, 
Hollenberg NK, Lüscher TF. Cocoa and cardiovascular 
health. Circulation. 2009;119(10):1433–1441  

   Table 21.1    Catechin/
epicatechin concentrations 
found in food a    
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weight and higher ORAC values when compared to other antioxidant-rich foods and beverages such 
as wine, cranberry juice, and apples  [  21,   23,   24  ] . However, other studies have shown that this 
antioxidant and free scavenger protection is transient and that the protection in serum does not last 
more than 2 h, which is less than compared to vitamin E and vitamin C  [  33  ] .  

 Both short- and long-term ingestion of chocolate products results in an increase in serum antioxi-
dant capacity and a decrease in LDL oxidation  [  34–  36  ] . LDL oxidation plays a signi fi cant role in the 
development of atherosclerotic lesions in cardiovascular disease (CVD). The potential for chocolate 
to reduce the risk of CVD by preventing LDL oxidation has been veri fi ed by both in vitro and in vivo 
studies via modulation of the enzymes involved in oxidation, 5-lipoxygenase    and cyclooxygenases 
 [  37,   38  ] . However, a diet plentiful in fruits, vegetables, and other antioxidant-rich foods is not to be 
neglected  [  34–  36  ] . 

 Circulating plasma lipoproteins are susceptible to oxidation. Once oxidized, lipoproteins can accu-
mulate and adhere to arterial walls. This process signals the in fl ux of monocytes to the injured site. 
When the monocytes enter the endothelium, they convert into macrophages. Oxidized LDL is picked 
up by the macrophages and converted into foam cells, which in turn stimulate the release of immune 
mediating cytokines, leukocytes, and additional monocytes, which leads to plaque formation and 
accumulation  [  39  ] .  

   Anti-in fl ammatory Function 

 In fl ammation is the body’s  fi rst immune response to damage, infection, or irritation. In fl ammation is 
affected by many cellular components in the blood such as transcription factors and lipoxygenases. 
During the atherogenic process, the in fl ammatory response plays a major role in CVD progres-
sion  [  40  ] . The in fl ammatory response is stimulated by a cascade of events within the endothelial and 
subendothelial areas of the arteries. Endothelial dysfunction activates proin fl ammatory enzymes, 
which produce free radicals, thus contributing to injury  [  31,   32  ] . The in fl ammatory response promotes 
the development of fatty streaks seen in the beginning stages of the atherosclerotic process, which 
may lead to more severe arterial lesions distinctive of coronary heart disease. Thus, it is important to 
limit the chronic in fl ammatory response. The biomarker serum C-reactive protein has been used as a 
measure of in fl ammation. 

   Cyclooxygenase Inactivation 

 The in fl ammatory response within the body starts with an injury or stimulus. The result of the injury 
or other stimulus is the release of phospholipase A 

2,
  which stimulates the release of arachidonic acid. 

Arachidonic acid can then either be metabolized by cyclooxygenase 1 and 2 (COX-1 COX-2) or by 
the 5-lipoxygenase pathway. The COX pathway is responsible for the production of prostaglandins. 
COX-1 is responsible for baseline levels of prostaglandins, and COX-2 produces prostaglandins 
through activation (in fl ammatory response). COX-1, which is found in platelets, activates thrombox-
ane A2 (TXA2), causes blood vessels to constrict, and promotes platelet aggregation. COX-2, by 
contrast, is expressed in blood vessels and activates prostaglandin I2 (PGI2), which dilates blood ves-
sels and prevents the activation of platelets. Imbalance on the ratio TXA2: PG is related with the 
formation of a thrombus and infarction  [  41,   42  ] . The  fl avanols in chocolate seem to inhibit the activity 
of cyclooxygenase and to increase PGI2, preventing further platelet aggregation and inducing vasodi-
lation  [  42  ] , protecting the heart from damage.  
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   Modulation of NF-kappa B Pathway 

 One component in chocolate that has an effect on anti-in fl ammatory response is epigallocatechin gal-
late (EGCG) (a plant  fl avonol). Epigallocatechin gallate is a  fl avonol found in dark chocolate that has 
been shown to inhibit NF- k B activation in human cell lines  [  3  ]  by keeping the I k B/NF- k B complex. 
This complex prevents the translocation of NF- k B    into the nucleus and further transcription of mRNA 
for proin fl ammatory cytokines, interleukin-1 beta, IL-2, and TNF-alpha, among others  [  43  ] . Chronic 
in fl ammation secondary to the activation of these cytokines leads to permanent damage to the muscle 
of the heart or heart failure  [  44  ] .  

   Nitric Oxide Pathway Induction 

 Oligomeric  fl avonoids found in cocoa and chocolate may also be an important dietary source of protec-
tion against oxidative stress, which may occur in states of in fl ammation. One form of oxidative stress 
is associated with increased production of nitric oxide and peroxynitrite, which leads to tissue damage. 
When (−)-epicatechin and respective procyanidin oligomers isolated from the seeds of  Theobroma 
cacao  were examined for their ability to protect against peroxynitrite-dependent oxidation and nitra-
tion reactions, the tetrameric oligomers were more ef fi cient than the monomeric epicatechin  [  45  ] . 
However, studies suggest that the intermediary procyanidins do not directly react with peroxynitrite but 
most likely with reactive oxidizing/nitrating intermediaries  [  45,   46  ] . Nitric oxide (NO) is a precursor 
to the prooxidant and nitrating intermediaries and can be affected by chocolate consumption. NO levels 
were shown to increase in individuals with diminished endothelial function who consumed a high-level 
 fl avonol cocoa drink; however, subjects with normal endothelial function did not receive the same 
bene fi cial effect. Therefore, the  fl avonols found in chocolate protect against peroxynitrate and could 
play an important anti-in fl ammatory role, which may have more than one mechanism of action related 
to oxidative stress  [  47  ] . 

 Another function of cocoa  fl avanols is to aid in the function of NO in increasing the transcription 
of the phase II antioxidant enzymes involved in endothelial normal function  [  48  ]  and preventing plate-
let aggregation  [  49  ] . This bene fi t is warranted by different mechanisms: inhibition of oxidative pro-
cesses via blocking phospholipase activity and further peroxide production, inhibiting platelets 
aggregation receptors and lipooxygenase and cyclooxygenase pathways  [  33  ] .  

   Control of Hypertension 

 The bene fi ts of chocolate increasing endothelial NO, and thus reducing oxidation, have been shown 
to reduce blood pressure. A study conducted in hypertensive patients receiving 6 g of dark chocolate 
for 18 weeks found a signi fi cant reduction in blood pressure and increased level of NO  [  50  ]  when 
compared to white chocolate. Although studies looking for the modulation of blood pressure via inhi-
bition of angiotensin-converting enzymes in vitro have evidenced the effect of chocolate lowering 
blood pressure, more research is needed to see effects in humans  [  50  ] . The amount of stearic fatty 
acids in cocoa has been associated also with lower diastolic pressure in humans  [  51  ] , but the exact 
mechanism must be elucidated.  

   Reduction of Atherosclerosis 

 Risk factor for the formation of the atherogenic plaque is the oxidation of LDL cholesterol and lipid. 
Several studies have shown that the consumption of chocolate increased high-density lipoproteins 
(HDL; good cholesterol), lowered triglycerides  [  11  ] , inhibited LDL oxidation, and reduced total 
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cholesterol  [  16  ] . The consumption of nonfermentable  fi ber (cellulose and bran) in unprocessed cocoa 
can also contribute to reduce total fat and cholesterol absorption  [  52  ] . The mechanism by which the  
 fl avonoid    catechin (found mostly in dark chocolate) reduces serum cholesterol is via a reduction in its 
absorption when using the rodent model  [  53  ] .  

   Platelet Modulation 

 The suppression of platelet aggregation is thought to play a role in decreasing the thrombolytic activ-
ity of blood platelets, thus potentially reducing cardiovascular damage. Research conducted both 
in vitro and in vivo has demonstrated chocolate’s ability to suppress platelet activation  [  54–  56  ] . The 
effects of cocoa beverages provided to subjects showed platelet suppression in both nonstimulated 
and stimulated platelets, while also decreasing platelet activation marker expression  [  54,   55  ] . 

 Whole chocolate’s effect on platelet activity has also shown bene fi cial results. Researchers found 
that after consumption of dark chocolate, platelet aggregation was inhibited whereas no effect was 
seen in those consuming white or milk chocolate  [  56  ] . This effect is thought to be derived from the 
 fl avonoids effect on altering eicosanoid synthesis. A recent study tested the ef fi cacy of a high- fl avonol 
chocolate bar, containing 148 mg of  fl avonols, to a control group who consumed a chocolate bar 
 containing 3.33 mg of  fl avonols  [  57  ] . The consumption of this high-procyanidin chocolate resulted in 
an increase in plasma prostacyclin concentrations and a decrease in both the plasma leukotriene con-
centration and the plasma leukotriene prostacyclin ratio. This ability of  fl avonols to modulate eico-
sanoid synthesis may be due to the  fl avonol’s capacity to affect enzymes that synthesize or degrade 
eicosanoids. Flavonols can also modulate enzymes in the leukotriene-synthesizing process by inhibit-
ing 5-lipoxygenase. Inhibition of 5-lipoxygenase issues a cascading effect, which in turn inhibits 
production of leukotrienes. One of these leukotrienes is leukotriene A4 (LTA4), and LTA4 is then 
converted to leukotriene B4 (LTB4). LTB4’s function is platelet aggregation. Flavonols inhibition of 
5-lipoxygenase through this process ultimately leads to a decrease in platelet aggregation.  

   Improving Insulin Resistance 

 Flavanols have been shown to improve insulin sensitivity in nondiabetic obese patients with hyperg-
lycemia receiving 100 g of dark chocolate for 15 days  [  58  ] . Most of the bene fi ts are associated with 
the anti-in fl ammatory properties and the bene fi ts to the endothelial tissue.    

   How Much Chocolate? 

 Table  21.2  shows evidence on the cardioprotective role of chocolate. However, it is important to be 
aware that the chocolate candy can be high in calories. Selection of lower-calorie chocolate is recom-
mended. Moreover, higher bene fi ts are conferred by the dark chocolate due to the high amount of 
 fl avonoids, such as epicatechin, among others  [  9  ] .   

   Summary 

 Regular consumption of chocolate and its  fl avonols is increasing worldwide. Chocolate and the 
 fl avonols in chocolate are not simply preferred foods due to their  fl avor and texture but have many 
potentially bene fi cial and multifaceted effects on organs and tissues. Health bene fi ts from chocolate 
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consumption related to CVD include the health neutrality of its saturated fatty acid (stearic acid) and 
protective effects of its  fl avonols, including  fl avanols and procyanidins, mostly found in dark choco-
late. These include antioxidant capacity and ability to prevent LDL oxidation and reduce development 
of atherosclerotic lesions, anti-in fl ammatory functions which prevent development of fatty streaks in 
the beginning stages of the atherosclerotic process, and suppression of platelet aggregation through 
several mechanisms potentially reducing cardiovascular damage. Much of this research, while prom-
ising, has been conducted through short-term trials of chocolate consumption. Long-term trials are 
needed to con fi rm these bene fi cial health effects and CVD risk reduction before chocolate can be 
recommended as a healthful food. The current research suggests that chocolate can be included as part 
of a healthy diet with potential health bene fi ts and without adverse CVD consequences, especially 
within a calorie-controlled diet that does not promote obesity.      
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    Introduction 

 Cardiovascular disease is the leading cause of death worldwide. According to WHO estimates, 
17 million people die as a result of cardiovascular disorders every year, which accounts for nearly 
30% of all deaths. The most common cardiovascular disorder is coronary heart disease (CHD), which 
occurs when the supply of blood to heart muscle cells is hampered due to the narrowing of the coro-
nary vessels and is responsible for over seven million deaths every year  [  1  ] . 

    Chapter 22   
 Chocolate and Coronary Heart Disease       

      Imre   Janszky        and    Kenneth   J.   Mukamal          

 Key Points 

    No study has found chocolate clearly harmful in relation to clinical cardiovascular events. However, • 
no study has examined or was designed to examine excessive consumption explicitly.  
  In long-term observational studies, there is suggestive but not de fi nitive evidence that chocolate • 
consumption – at least in moderation – might inversely be associated with coronary heart disease 
and other cardiovascular events.  
  Laboratory and short-term randomized studies indicate that cardiovascular protection from choco-• 
late consumption is biologically plausible, and there are several potential mechanisms to explain 
the observed inverse association as causal effects of chocolate.  
  However, owing to several potential methodological weaknesses in the long-term observational • 
studies, we cannot yet make a  fi rm conclusion on the long-term cardiovascular effects of 
chocolate.  
  We need more long-term studies with a rigorous design; a long-term randomized trial focusing on • 
clinical events is especially missing.    
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 Along with physical activity and tobacco use, diet is among the most important modi fi able lifestyle 
factors affecting CHD risk. Since chocolate is widely consumed and is a rich source of several bio-
logically active compounds that can potentially affect the occurrence of CHD, there is great interest 
and indeed a pressing need to understand the potential in fl uence of chocolate consumption on CHD 
risk. 

 The randomized controlled trial is the most powerful research design to establish causality in 
medicine. However, no randomized controlled trial has yet been conducted on chocolate consumption 
and occurrence of CHD. Such a trial would necessarily be large, long-term, and consequently very 
costly. Apart from that, it is questionable whether such trial could achieve successful blinding, that is, 
to make participants unaware of whether they consume chocolate or some kind of a placebo  [  2  ] . As 
such, the feasibility of testing chocolate in a true trial of CHD events is at best uncertain. 

 Several experimental studies have been conducted to explore the potential cardiovascular effects 
of chocolate and its components. However, these trials have all been short-term and focused upon 
physiological outcomes like blood pressure, endothelial function, or lipid levels, rather than the occur-
rence of CHD itself. Effects observed in short-term physiological trials cannot necessarily be extrapo-
lated to long-term effects and to clinical endpoints. Thus, in absence of large-scale long-term 
randomized trials, we have to rely on prospective observational studies – in tandem with feeding stud-
ies – to evaluate chocolate’s possible effects on clinical CHD events. 

 In this chapter, we review the current epidemiological evidence regarding the association of choco-
late with CHD incidence and mortality, review the methodological challenges inherent in these obser-
vational studies, and review potential biological mechanisms that may play important roles in the 
etiology of observed associations.  

   Chocolate Consumption and CHD Risk: Long-Term Observational Studies 

 Although a number of other study designs have been used, here we review eight relevant long-term 
prospective observational studies which can shed light on possible long-term cardiovascular effects of 
chocolate consumption. These prospective studies all measured chocolate consumption prior to the 
occurrence of cardiovascular events, eliminating a potential source of bias if patients are (possibly 
inappropriately) counseled to avoid chocolate during cardiac rehabilitation, and represent the stron-
gest available information we have to date. Table  22.1  provides a short summary of design and main 
 fi ndings of these studies.  

 In the Harvard Alumni Study  [  3  ] , candy consumption was associated with a 27% lower all-cause 
mortality after adjustment for potential confounding factors. The lowest mortality was found among 
moderate users of candy. Those who consumed candies one to three times a month had 36% lower 
mortality compared to those who never or almost never used candies. However, in this study, choco-
late and nonchocolate candies were not differentiated, and all-cause mortality was the outcome. While 
this is undoubtedly important, it does not directly inform the relationship of chocolate consumption 
with CHD, although it is likely that a considerable part of all-cause mortality was due to CHD. 

 The next relevant publication on the topic came from the Nurses’ Health Study  [  4  ]  in which no 
evidence was found for a major adverse or bene fi cial effect of chocolate on CHD incidence. 

 Two relevant publications derive from the Iowa Women’s Health Study. At 13 years of follow-up, 
catechin intake from selected dietary sources was investigated. Catechin consumption from chocolate 
had a dose-dependent inverse association with CHD mortality  [  5  ] . When the same cohort was ana-
lyzed again slightly differently after 16 years of follow-up, there was some evidence that chocolate 
consumption was inversely associated with stroke incidence  [  6  ] . 

 In the Zutphen Elderly Study, intake of 24 cocoa-containing food items was repeatedly assessed by 
a cross-check dietary history method  [  7  ] . The intake of cocoa from individual foods was summed to 
yield actual cocoa in grams per day for each subject. There was an inverse dose-dependent association 
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between cocoa intake and cardiovascular mortality. Men in the highest tertile of cocoa intake had half 
of the cardiovascular mortality of those in the lowest tertile in the multiadjusted models. This method 
may have been particularly likely to reduce misclassi fi cation and identify true associations, a poten-
tially important limitation discussed below. 

 In a secondary prevention context, we found a strong inverse, dose-dependent association between 
chocolate intake and cardiac mortality in Swedish survivors of a  fi rst myocardial infarction  [  8  ] . 
Chocolate consumption generally had a similarly inverse but weaker association with total mortality 
and nonfatal outcomes, like recurrent acute myocardial infarction, congestive heart failure, or stroke. 
In another Swedish study, moderate consumption of chocolate had a U-shaped association with hos-
pitalization and death due to heart failure  [  9  ] . 

 Two other studies from other nations found potential bene fi ts related to chocolate. Chocolate con-
sumption had an inverse dose-dependent association with cardiovascular events in a population-based 
German study  [  10  ] . In an Australian study including elderly women, there was also a relatively strong 
inverse association with all atherosclerotic vascular disease events, with CHD events and especially 
with heart failure. 

 Finally, some other investigations are worthy of mention, although these did not have a prospective 
cohort design. In an Italian case–control study including 760 cases of a  fi rst myocardial infarction and 
682 controls, chocolate consumption had a strong inverse association with risk of acute myocardial 
infarction (AMI)  [  11  ] . After controlling for age, sex, education, diabetes, obesity, hypertension, 
hyperlipidemia, cholesterol level, body mass index, cigarette smoking, alcohol and coffee drinking, 
and family history of AMI, the relative risk for an increment of one serving of chocolate per day was 
0.81 (95% con fi dence interval [CI], 0.69–0.96). 

 An intriguing ecologic study in Panama compared the cause-speci fi c death rates on San Blas 
islands and the mainland. The rate of deaths due to cardiovascular causes among the island-dwellers 
was nearly one-tenth of that of mainland Panama. Given their shared genetic heritage, this protection 
appeared to be environmental and not genetic. The authors suggested that the very high intake of 
unprocessed cocoa by indigenous dwellers of the San Blas islands is one of the explanations for their 
 fi nding  [  12  ] . 

 In cross-sectional analyses of the National Heart, Lung, and Blood Institute Family Heart Study, 
there was a strong dose-dependent inverse association between chocolate consumption and preva-
lence of CHD. Compared to subjects who did not report any chocolate intake, the odds ratio for CHD 
was 0.43 (95% CI, 0.28–0.67) for the highest category of intake, that is, over 5 times/week when 
adjusting for age, sex, family CHD risk group, energy intake, education, nonchocolate candy intake, 
linolenic acid intake, smoking, alcohol intake, exercise, and fruit and vegetables  [  13,   14  ] . Moreover, 
in the same study, there was a similar dose-dependent inverse association between frequency of choc-
olate consumption and prevalence of calci fi ed atherosclerotic plaques in the coronary arteries  [  13, 
  14  ] . A similar  fi nding was observed in the aforementioned Australian study  [  15  ]  where apart from the 
prospective association of chocolate consumption and vascular events, chocolate was also related to 
presence of carotid focal plaques. Women who consumed chocolate at least weekly had a lower preva-
lence of carotid atherosclerotic plaques compared with women who consumed chocolate less than 
weekly. However, the authors found no association with common carotid artery intima–media 
thickness.  
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   Methodological Limitations of the Prospective Studies on Chocolate and CHD 

 The aforementioned prospective studies had several methodological limitations that are important to 
consider when attempting to determine the true long-term cardiovascular effects of chocolate or giv-
ing public health recommendations on chocolate consumption. Some of these limitations are inherent 
in any observational studies, but others are speci fi c to the speci fi c study question. 

 As with any observational study, unevenly distributed characteristics associated with chocolate 
intake habits and with risk for cardiovascular outcomes could have lead to over- or underestimation of 
the true effect of chocolate consumption; that is, any observational study is susceptible to confound-
ing, and this may be particularly true for a behavior like chocolate consumption that certainly clusters 
with other others. However, all these aforementioned studies extensively controlled for potential con-
founding factors. Although one can never exclude the possibility of residual or uncontrolled con-
founding (i.e., the possibility that any important factor was not included or not well measured), it is 
important to remember that any remaining confounder would need to be strongly associated with both 
chocolate use and cardiovascular events to be able to alter the results considerably. Furthermore, any 
unintentionally missing factor would need to be unrelated to the factors included in the multivariable 
models to cause a misleading result. 

 Prospective cohort studies can provide seriously biased results if a large proportion of participants 
are lost from follow-up. Generally, the follow-up in these studies was rather complete, often backed 
up by regional or national mortality registries or sometimes by nationwide registration of all hospital-
ization events  [  8,   9  ] . The quality of information on outcomes was also adequate on a general level. 
Outcomes were ascertained either by reliable health registries, by review of death certi fi cates, or by 
review and veri fi cation of medical records. 

 However, the quality of information on the exposure, that is, chocolate consumption, was generally 
far from ideal. All studies necessarily depended on self-report of chocolate intake. Although in some 
studies efforts were made to improve the quality of the reported information on chocolate consump-
tion by relying on validated questionnaires, using repeated exposure assessments or by testing repro-
ducibility, the real consumption could have potentially been considerably misclassi fi ed. 

 Misclassifying chocolate intake could have a variety of consequences. If the misclassi fi cation was 
not related to the risk of CHD (i.e., it mainly introduced noise), it typically would be expected to lead 
to an underestimation of the true effects; that is, the true effect of chocolate could be even stronger 
than these studies suggest. However, for example, if subjects with an unhealthy lifestyle tended to 
report lower chocolate intake because of guilt, while individuals with healthier lifestyles did not share 
this guilt, this could have caused an overestimation of the effects of chocolate in these studies  [  16  ] . 
Unfortunately, it is not simple to determine which of these types of misclassi fi cation might be more 
likely. 

 The great heterogeneity of chocolate and cocoa products further complicates this issue. Chocolate 
can be dark, milk, or white, based upon its cocoa content. None of the aforementioned prospective 
studies differentiated between these basic types of chocolate, and the Harvard Alumni did not even 
differentiate between chocolate or nonchocolate candy. Due to differences in type and origin of cocoa 
beans and differences in their processing and in preparation of chocolate, there can be a considerable 
variation concerning the chemical composition or the bioavailability of the components even within 
dark or milk chocolates  [  2,   17  ] . Moreover, components of chocolate other than cocoa can also play an 
important role in determining the cardiovascular effect of these products. Milk chocolate contains 
more fat and sugar than dark and is less rich in cocoa solids  [  18  ] . The milk content may also decrease 
the absorption of cocoa-related antioxidants in the gastrointestinal tract  [  19  ] , although this effect 
remains uncertain  [  2,   20  ] . However, the uptake of cocoa antioxidants and therefore their bioavailabil-
ity in humans could be increased signi fi cantly by concurrent consumption of carbohydrates  [  21  ] . 
Thus, the differential effects of dark and milk chocolate is an unresolved issue. 
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 The type of chocolate consumed is likely to be important in evaluating the plausibility of these 
results. Short-term human trials that have shown vascular bene fi t from chocolate typically investi-
gated the effects of dark chocolate or cocoa per se. Fraga et al. observed lower oxidative stress, 
improved lipid pro fi le, and decrease in blood pressure in a short-term experimental trial using milk 
chocolate  [  22  ] , but there is generally far less evidence supporting a cardiovascular bene fi t of milk or 
white chocolate than for cocoa or dark chocolate. 

 The prospective observational studies on habitual chocolate intake and clinical cardiovascular 
events that we have summarized above typically assumed that the members of their cohorts consumed 
milk rather than dark chocolate, generally only based on the greater use of milk chocolate in most 
countries. However, this is obviously an imperfect assumption, and it is made more complex by vari-
ability in the types of chocolate themselves. For example, the cocoa content of chocolate products and 
the de fi nition of dark and milk chocolate vary by country. In the United States, milk chocolate has to 
contain a minimum of 10% of cocoa solids, dark chocolate 15%. The corresponding proportions in 
European Union are 25% and 35%  [  23  ] . This considerable difference in the proportion of cocoa solids 
might partly explain why chocolate appeared to be somewhat more effective in European cohorts than 
in the United States. 

 A systematic error could also arise in prospective observational studies on cardiovascular effects of 
chocolate from the dynamic relationship between ill-health and chocolate intake. Some of those abstain-
ing from chocolate could have actually stopped consuming chocolate due to illness or due to medical 
advice. Thus, if individuals with preexisting disease or obesity tend to stop eating chocolate and are also 
at high risk for CHD, this could have explained the observed protective effect of chocolate consump-
tion. Diabetes would appear to be the most likely medical reason that patients would be counseled to 
remove chocolate from their diets. To address this issue, several studies excluded participants with 
diabetes or statistically controlled for diabetes. Apart from that, several studies also examined the role 
of nonchocolate sweets. Those patients who stop chocolate consumption due to health problems would 
likely also reduce intake of other sweets. No consistent protective effects were observed in these studies 
for sweets other than chocolate, tending to support the likelihood of bene fi t for chocolate speci fi cally.  

   Possible Biological Mechanisms 

 The results of the observational studies on habitual chocolate intake are generally compatible with a 
moderate-to-strong protective cardiovascular effect. Is protection by chocolate biologically plausible? 
Short-term experimental studies have helped to clarify this question by investigating several biologi-
cal mechanisms by which chocolate may in fl uence cardiovascular risk. 

 Cocoa and chocolate is a rich source of biologically active compounds. Cocoa and several choco-
late products contain high-quantity and high-quality  fl avonoid antioxidants often exceeding that of 

   Table 22.2    Potential 
cardioprotective effects of 
 fl avonoids in chocolate   

 Endothelial nitric oxide  ↑ 
 Endothelial function  ↑ 
 Blood pressure  ↓ 
 Proin fl ammatory cytokine expression  ↓ 
 Glucose tolerance  ↑ 
 Platelet aggregation  ↓ 
 Angiotensin converting enzyme activity  ↓ 
 HDL  ↑ 
 LDL  ↓ 
 LDL oxidation  ↓ 
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other  fl avonoid-rich foods like black or green tea or red wine  [  24,   25  ] . As summarized in Table  22.2 , 
several studies have demonstrated potential cardioprotective effects of intake of chocolate or cocoa 
products that are attributed to  fl avonoids. The effects on endothelium and platelets are mediated by 
the increased bioactive nitric oxide availability due to stimulation of nitric oxide synthesis by 
 fl avonoids  [  2,   16,   21,   26  ] . These powerful mechanisms alone provide very suggestive evidence that 
chocolate has bene fi cial vascular effects.  

 Fat in chocolate is especially high in stearic acid (around 30% of all fatty acids)  [  27  ] . The effect of 
stearic acid on cardiovascular health remains controversial, but a recent systematic review concluded 
that stearic acid has bene fi cial or neutral effects on blood pressure and clotting parameters and does not 
adversely affect traditional lipid risk factors  [  24  ] . This contrasts with other saturated fats and suggests 
that the bene fi t of chocolates antioxidants may not be outweighed by the fat content of cocoa mass. 

 Chocolate also contains several minerals, like magnesium, zinc, selenium, calcium, potassium, and 
copper, in relatively high amounts that might impact cardiovascular health  [  26  ] . 

 Generally, the prospective cohort studies on habitual intake and clinical cardiovascular events 
were limited in their ability to test whether these plausible biological mechanisms are indeed respon-
sible for the observed protective effect of chocolate. In the Potsdam Arm of the European Prospective 
Investigation, blood pressure explained 16%, 10%, and 12% of the lower risk for myocardial infarc-
tion, for stroke, and for their combination in association with chocolate consumption  [  10  ] . In the 
Stockholm Heart Epidemiology Program, we found no evidence that blood pressure, lipids, 
in fl ammatory markers, coagulatory factors, homocysteine, or markers of glucose tolerance mediated 
the observed inverse association between chocolate consumption and cardiac mortality  [  8  ] . Similarly, 
blood pressure was not found to be a mediator in the Zutphen Elderly Study  [  7  ] . However, none of 
these studies had widespread measures of true endothelial function or platelet reactivity that might 
respond directly to chocolate intake; hence, this remains an important open question.  

   Summary 

 In sum, at the present time, there is strongly suggestive but not de fi nitive evidence that chocolate 
consumption is inversely associated with coronary heart disease and other cardiovascular events. This 
is consistent with the  fi ndings from several short-term randomized studies which found bene fi cial 
effects on cardiovascular risk markers and with the fact that chocolate is an exceptionally rich source 
of several potentially cardioprotective bioactive substances. Cardiovascular protection from chocolate 
consumption is thus biologically plausible, and there are several potential mechanisms to explain the 
observed inverse association. However, due to potential methodological weaknesses in the long-term 
observational studies, we cannot yet make a de fi nitive conclusion on long-term cardiovascular effects 
of chocolate. Thus, while generally we see no reason to discourage chocolate intake, and it remains a 
reasonable part of a healthy diet when consumed in moderation, we cannot yet recommend that indi-
viduals adopt chocolate intake speci fi cally to improve their cardiovascular health. We need more 
long-term studies and especially long-term randomized trials focusing on clinical events before choc-
olate intake can be recommended speci fi cally for prevention of cardiovascular disease.      
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    The Kuna Indians 

 The interest in the effect of cocoa on blood pressure started with the discovery that an island popula-
tion in Central America, the Kuna Indians, had a distinctively low rate of hypertension coupled with 
a consistent healthy low blood pressure unaffected by age  [  1,   2  ] . 

 The majority of the Kuna Indians live on the San Blas Island off Panama (population approxi-
mately 35,000); those Kuna Indians who migrated to the mainland manifest a higher prevalence of 
hypertension as well as an age-dependent rise of blood pressure, implying that lifestyle factors such 
as diet, rather than genetics, play a protective role  [  3  ] . Island-dwelling Kuna Indians consume about 
3–4 cups of cocoa drinks on average per day, while the mainland-dwelling Kuna Indians consume up 

    Chapter 23   
 Dark Chocolate and (Pre-)Hypertension       

      Karin   Ried             

 Key Points 

    Flavanol-rich chocolate and cocoa products may have a small but signi fi cant effect on blood • 
pressure.  
  The blood pressure–reducing effect of cocoa is more pronounced in systolic hypertension than • 
systolic prehypertension and normotension, but is independent of diastolic status.  
  Even a small daily dosage of cocoa  fl avanols (e.g., 6 g of dark chocolate) appears to have a • 
bene fi cial effect on blood pressure.  
  Higher sugar content in chocolate appears to attenuate the blood pressure–lowering effect of cocoa, • 
particularly in overweight and obese individuals.  
  Our analysis indicates cocoa to be more effective in reducing blood pressure in younger individu-• 
als in the short term compared with older individuals.    
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to 10 times less cocoa  [  3,   4  ] . Average high salt intake was not associated with the differences in blood 
pressure  [  3  ] . Mean blood pressure of the island-dwelling adult Kuna Indians hovers around 110 mmHg 
systolic and 70 mmHg diastolic, while on the mainland observed age-related blood pressure rise and 
hypertension prevalence is comparable to that of Western populations  [  1  ] . 

 High blood pressure is a critically important risk factor for cardiovascular disease and attributes to 
37% of cardiovascular deaths in Western populations  [  5  ] . The association between cardiovascular risk 
and blood pressure levels are continuous  [  6  ] , with the risk of ischemic heart disease and stroke halved 
for every 20 mmHg reduction in systolic blood pressure (SBP) and 10 mmHg diastolic blood pressure 
(DBP)  [  7  ] . Even small reductions in blood pressure therefore can substantially reduce cardiovascular 
events at a population level.  

   Cocoa Consumption Today: Modern Chocolate 

 Cocoa is extracted from cacao beans, the fatty seeds of the  Theobroma cacao  tree. Cocoa is rich in 
 fl avanols, particularly epicatechin, catechin, and procyanidins, proposed to be responsible for the 
blood pressure–lowering effect  [  8,   9  ] . Flavanols are also found in other plant-derived produce, includ-
ing beans, apricots, blackberries, apples, and tea leaves, albeit in a lower concentration than in cocoa 
products (460–610 mg/kg of  fl avanol monomers; 4–5 g/kg of  fl avanol polymers)  [  10,   11  ] . Flavanol 
intake is, however, also dependent on serving size, and  fl avanol content depends on the processing of 
the cacao beans and raw cocoa. 

 Traditionally, cocoa was consumed as a cold unsweetened drink of raw dried cacao powder, often 
mixed with starch and spices by the native Indians, but this was considered bitter and unpalatable for 
the early European explorers, including Christopher Columbus in 1502 and Hernánd Cortés in 1519. 
The Spanish brought cocoa to Europe, to which sugar was added and the drink was heated  [  12,   13  ] . 
Subsequent roasting (up to 120°C), mixing (conching), alkalizing (dutching), and adding sugar, milk, 
vanilla, and lecithin emulsi fi ers make chocolate as we know it today  [  14  ] . Various chocolate manu-
facturers have  fi ne-tuned the processing leading to different  fl avors and smoothness of chocolates, but 
also to altered cocoa and  fl avanol content in various cocoa products. 

 Dark chocolate contains larger amounts of cocoa (50–85%) than milk chocolate (20–30%). 
Different processing procedures however in fl uence the  fl avanol content of the cocoa in the chocolate; 
a 70% cocoa-containing chocolate bar from one company therefore might not contain the same 
amount of  fl avanols and  fl avanol composition as a 70% chocolate bar from another company. Content 
and composition of  fl avanols depend on the variety and ripeness of cocoa beans used as well as the 
manufacturing steps. 

 Fresh and fermented cocoa beans contain about 10% of  fl avanols (100 mg/g), the cocoa powder 
consumed by the Kuna Indians contains about 3.6% of  fl avanols, and cocoa-rich dark chocolate on the 
market contains about 0.5% of  fl avanols  [  15,   16  ] . Moreover, heavy dutching, the alkalizing of choco-
late to pH 7–8, can reduce the  fl avanol content to less than 10 mg/100 g (0.001%). 

 Furthermore, research suggests that the monomeric portion of cocoa  fl avanols, epicatechin and 
catechin, and to a lesser extent the polymeric  fl avanols, the procyanidins, are linked to blood pressure 
and vasoactive effects  [  4  ] . Modern processing of cacao reduces the monomeric  fl avanol content and 
in fl uences the epicatechin/catechin ratio  [  17  ] . 

 Fresh and fermented cocoa beans contain between 2.5 and 16.5 mg of epicatechin per gram depend-
ing on the variety, the growing region, and the harvesting practices  [  18,   19  ] , whereas processed cocoa 
retains only 2–18% of the original epicatechin, due to roasting and dutching  [  17  ] . 

 Due to the large variation in  fl avanol content in chocolate and cocoa products, it is critical to com-
pare the dosages of  fl avanols rather than simply the amounts of chocolate or administered cocoa 
products in clinical trials investigating the effect of cocoa on blood pressure.  
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   Blood Pressure–Lowering Mechanisms of Cocoa 

 The blood pressure–lowering properties of cocoa have been linked to the formation of endothelial 
nitric oxide (NO), which promotes vasodilation and consequently lowers blood pressure. 

 Increased NO production might be triggered by upregulation of NO synthase through the insulin-
mediated signaling pathway  [  20  ] . Insulin sensitivity was shown to be improved after cocoa intake in 
a number of trials  [  21–  24  ] , but not in one  [  25  ] . Secondly, cocoa  fl avanols have been shown to inhibit 
angiotensin-converting enzyme (ACE) activity, and hence reduce blood pressure  [  26,   27  ] . Thirdly, 
there is also evidence to suggest cocoa  fl avanols to act as powerful antioxidants within the cardiovas-
cular system, upregulating NO-synthase activity and hence reducing blood pressure  [  28,   29  ] .  

   The Effect of Chocolate on Blood Pressure 

   Meta-analyses of Intervention Trials 

 In the last decade, several clinical trials have investigated the effect of chocolate and cocoa products 
on blood pressure. Our team has conducted a Cochrane systematic review  [  30  ]  and updated previous 
meta-analyses  [  31–  33  ] , including published studies until 2010.  

   Methods 

   Search Strategy and Selection of Trials 

 We searched the Medline and Cochrane databases for randomized controlled trials investigating the 
effect of chocolate or cocoa products on blood pressure published between 1955 and 2010. In addi-
tion, we searched reference lists of published trials and reviews. 

 We included trials in the meta-analysis if the control group received a placebo or a low  fl avanol–
containing cocoa product (powder as drink, bar or tablet), the duration of the intervention was at least 
2 weeks, and data needed for meta-analysis were published or were available from authors (mean 
systolic or diastolic blood pressure [SBP/DBP] and standard deviation [SD]). 

 The quality of the studies was assessed based on reported randomization, blinding, assessment of 
blood pressure, loss to follow-up, industry funding source, and assessment of compliance and dietary 
chocolate intake of participants.  

   Analysis 

 We conducted meta-analysis using the Cochrane Program Review Manager version 5.1  [  34  ]  and the 
Stata program version 10  [  35  ] . Owing to high heterogeneity between trials, we used a random effects 
model. The pooled effect size or overall weighted mean difference was obtained using the mean (SD) 
SBP/DBP of the treatment and control groups at the end of the intervention and the participant num-
bers in each of the groups. We adjusted for baseline differences in SBP/DBP between intervention and 
control groups by incorporating these in the meta-analysis model. 

 We explored whether other factors could have in fl uenced meta-analysis results, by testing the fol-
lowing variables in meta-regression analysis using the Stata program version 10: dosage of  fl avanol 
content (total or monomers) in chocolate or cocoa products, blinding, baseline blood pressure, theo-
bromine content, sugar content, body mass index (BMI), duration, and age.    
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   Characteristics of Included Studies 

 A total of 21 studies involving 947 participants were included in the meta-analysis (Table  23.1 ) 
  [  21–  23,   25,   36–  50  ] . Ten studies used commercially available chocolate, and 11 studies used  fl avanol-
rich cocoa powder (tablet, bar, or mixed with water or milk) and compared the effect to a control 
group, which either took  fl avanol-free placebo (white chocolate, milk, or placebo pill) or low- fl avanol 
powder, respectively. The active intervention    group received either dark chocolate of 6–100 g (6 g 
equals one piece of a 100 g dark chocolate bar) containing 50–90% cocoa, milk-chocolate-based 
confectionary (105 g of <10% cocoa  [  39  ] ), or  fl avanol-enriched cocoa powder, containing a dosage of 
30–1,080 mg (mean = 545.5 mg) of  fl avanols per day. Trials ran between 2 and 18 weeks.  

   Meta-analysis Results 

 Pooled meta-analyses results including all 21 studies revealed a signi fi cant blood pressure–reducing 
effect of cocoa-rich products compared with control (Fig.  23.1 ): 

   Mean change SBP (95%CI): −2.65 (−4.54, −0.75) mmHg,  p  < 00001, n = 21  
  Mean change DBP (95%CI): −2.05 (−3.29, −0.81) mmHg,  p  < 0.0001, n = 20 available for DBP    

 Albeit signi fi cant, the reduction in  systolic  blood pressure weakened with increasing number 
of studies compared to previous meta-analyses by:

    1.    Ried (2010)  [  33  ]  (15 trials): mean change SBP (95%CI): −3.16 (−5.08, −1.23) mmHg,  p  = 0.001  
    2.    Desch (2010)  [  32  ]  (10 trials): mean change SBP (95%CI): −4.52 (−5.87, −3.16) mmHg,  p  < 001  
    3.    Taubert (2007)  [  31  ] (5 trials): mean change SBP (95%CI): −4.7 (−7.6, −1.8) mmHg,  p  = 0.002     

 Overall reduction in  diastolic  blood pressure in our updated meta-analysis is also a little smaller 
than reported in earlier meta-analyses:

    1.    Ried (2010)  [  33  ]  (15 trials): mean change DBP (95%CI): −2.02 (−3.35, 0.69) mmHg,  p  = 0.003  
    2.    Desch (2010)  [  32  ]  (10 trials): mean change DBP (95%CI): −2.5 (−3.9, 1.2) mmHg,  p  < 0.001  
    3.    Taubert (2007)  [  31  ] (5 trials): mean change DBP (95% CI): −2.8 (−4.8, −0.8) mmHg,  p  = 0.006     

 This trend toward a null effect raises the question: What was done differently in later trials leading 
to a less pronounced effect of cocoa on blood pressure when all available data are summarized? 

 Early trials reporting a signi fi cant blood pressure–reducing effect of chocolate and included in the 
 fi rst meta-analysis by Taubert (2007)  [  31  ]  had similar study designs, all comparing dark versus white 
chocolate over a period of 2 weeks  [  21,   36,   39  ] . The majority of the later trials used speci fi cally for-
mulated cocoa powder,  fl avanol-enriched for the treatment group and a low- fl avanol product for the 
comparison group, and/or later trials observed participants over longer periods of time. 

 To assess whether the observed blood pressure–lowering effect of cocoa was associated with fac-
tors such as  fl avanol dosage, choice of control, or duration of intervention, we conducted subgroup 
meta-analyses as well as meta-regression analyses.  

   Dosage: Chocolate and Cocoa Products 

 Ten studies used commercially available chocolate products, including Ritter Sport (Halbbitter, 50% 
cocoa, Germany, n = 5), Cuorenero (90% cocoa, Italy, n = 1), Haighs (70% cocoa, Australia, n = 1), 
Meiji (80% cocoa, Japan, n = 1), Galaxy/Dove/Mars (50% cocoa, USA, n = 1), and M&M Dove/Mars 
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(<10% cocoa, USA, N = 1). Eleven trials were provided with especially formulated  fl avanol-enriched/
low- fl avanol cocoa powder by Mars, USA (n = 7), Hershey, US (n = 2), Nutrexpa, Spain (n = 1), and 
Barry Callebaut, Belgium (n = 1) (see Table  23.1 ).  

  Fig. 23.1    Meta-analysis of trials on the effect of cocoa products on blood pressure. This  fi gure is copublished, with 
permission, and based on the Cochrane Review by Ried K, Sullivan TR, Fakler P, Frank OR, Stocks NP. Effect of 
chocolate on blood pressure. Cochrane Database Syst Rev. 2011; In press (likely Issue 12). Cochrane Reviews are regu-
larly updated as new evidence emerges and in response to feedback. The Cochrane Library should be consulted for the 
most recent version of the review       
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   Dosage: Total Flavanols 

 Cocoa content and processing of the trial product determined  fl avanol dosage. In the majority of trials 
(n = 10), the active group consumed 500 to 750 mg of  fl avanols per day, compared with less than 
250 mg per day in  fi ve studies or more than 750 mg per day in six studies. The control group received 
either a  fl avanol-free product (n = 12) or a low  fl avanol–containing cocoa powder (n = 9). Flavanol 
dosage of low- fl avanol products ranged between 6.4 and 41 mg per day (see Table  23.1 ). 

 Total  fl avanol content in the active treatment group was not signi fi cantly associated with blood 
pressure change. However, if we distinguished between studies which had a true control group with 
no  fl avanol intake versus control groups consuming low- fl avanol products, we found a signi fi cant 
difference in effect size between these groups. 

 Meta-analysis of trials with true control groups revealed a signi fi cant blood pressure–reducing 
effect:

   Mean change SBP (95% CI): −3.70 (−6.02, −1.36) mmHg,  p  = 0.002, n = 12  
  Mean change DBP (95% CI): −2.71 (4.26, −1.5) mmHg,  p  < 0.001, n = 11    

 In contrast, there was no signi fi cant difference between treatment and control groups of trials using 
a low  fl avanol–containing product in the control group:

   Mean change SBP (95%CI): −0.54 (−2.46, 1.39) mmHg,  p  = 0.59, n = 9  
  Mean change DBP (95%): −0.55 (−1.90, 0.79) mmHg,  p  = 0.42, n = 8    

 Five of the low- fl avanol  control  groups received higher dosages of  fl avanols than the  active  inter-
vention group in the trial by Taubert (2007) using a  fl avanol-free control group  [  31  ] . 

 It is plausible that any differences found between the treatment and control groups were weakened 
in trials using high- fl avanol versus low- fl avanol products, as the low- fl avanol product may also have 
an effect on blood pressure. In fact, trials studying acute effects reported a sustained accumulative 
effect on vascular function when  fl avanols were taken daily over 1 or 3 weeks  [  51,   52  ] . In addition, 
one trial included in our review provided a small amount of daily dark versus white chocolate (6.3 g) 
over a 4-month period and reported a cumulative effect on blood pressure at 6, 12–18 weeks, respec-
tively  [  40  ] : mean SBP (SD) change of −0.5 (1.6), −2.0 (1.7), −2.8 (1.6) mmHg and mean DBP (SD) 
change of −0.4 (1.5), −1.6 (1.0), −1.9 (1.5) mmHg.  

   Blinding 

 The 11 trials using low- fl avanol cocoa products as control aimed to facilitate “blinding” or “masking” 
of participants to minimize any expectation bias or placebo effect. In addition, other energy and nutri-
ent components in the high- versus low- fl avanol trial products were matched to eliminate other poten-
tial confounding factors. However, the masked control products used in 9 of the 11 trials contained 
small but potentially suf fi cient amounts of  fl avanols to in fl uence a vascular response and blood pres-
sure change. Only two trials used a blinded design with  fl avanol-free control groups  [  38,   46  ] . 
Sensitivity analysis of blinded trials versus unblinded (open-label) trials con fi rmed the results of our 
subgroup meta-analyses by  fl avanol content of the control group ( fl avanol-free versus low- fl avanol) 
as described above.  
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   Dosage of Flavanol Monomers: Epicatechin + Catechin 

 Fifteen out of the 21 trials measured the proportion of monomeric  fl avanols. Dosage of epicatechin 
and catechin ranged between 7 and 236 mg per day in the intervention group, and 7–12 mg in four 
control groups. We did not  fi nd an association between monomeric  fl avanol dosage and blood pres-
sure change using meta-regression analysis.  

   Baseline Blood Pressure: Hypertensive, Prehypertensive, Normotensive 

 Our previous meta-analysis revealed a difference in effect of cocoa products on blood pressure depen-
dent on hypertension status at baseline. While blood pressure was signi fi cantly lowered in people with 
systolic hypertension ( ³ 140 mmHg) or diastolic prehypertension ( ³ 80 mmHg), no signi fi cant effect 
of cocoa on normal blood pressure (<140/80 mmHg) was evident  [  33  ] . 

 The inclusion of six additional trials in this meta-analysis con fi rmed our previous  fi ndings. 
 A signi fi cant blood pressure–lowering effect was evident in the hypertensive subgroup (>140 mmHg) 

but not for SBP <140 mmHg at baseline: Hypertensive subgroup: mean SBP change (95%CI): −3.99 
(−7.02, −0.97) mmHg,  p  = 0.01; normotensive subgroup: mean SBP change (95%CI): −1.78 (−4.07, 
0.52) mmHg,  p  = 0.13. However, a signi fi cant blood pressure–lowering effect was evident indepen-
dent of diastolic baseline blood pressure.  

   Theobromine 

 It has been suggested that theobromine found in cocoa might be indicative for vasoactivity and thus 
blood pressure reduction of cocoa products  [  53  ] . Theobromine is the bitter alkaloid of the cacao plant 
and also found in other plants, such as tea and the cola nut. Other similar compounds, the methylxan-
thines, include caffeine in coffee. 

 The theobromine content of cacao products reported in a selection of studies included in our meta-
analysis ranged between 400 and 1,980 mg/100 g, with daily dosage intake of participants between 26 
and 1,700 mg of theobromine. 

 It is questionable whether the chocolate and cocoa products are palatable if large amounts of the 
bitter theobromine are included. In addition, very high dosages of theobromine might have side effects 
in humans. While some animals, such as dogs, might succumb to theobromine poisoning from as little 
as 50 g of chocolate for a smaller dog and 400 g for an average-sized dog due to slow metabolism of 
theobromine  [  54  ] , it is estimated that a 60-kg human would need to consume about 4.5 kg of dark 
chocolate with natural-containing theobromine to be poisoned  [  55  ] . However, theobromine-enriched 
cocoa powder containing about 30 times more theobromine than commercial chocolate has been used 
in small quantities in research  [  46  ] . Adverse effects of such theobromine-enriched cocoa might be 
expected by intake of only 150 g. 

 Our meta-regression analysis indicated theobromine not to be associated with the effect of cocoa 
on blood pressure.  

   Sugar 

 Commercially available milk chocolate contains about 50% of sucrose (range 45–65 g/100 g), and 
dark chocolate about 30% sugar (range 13–45%). Chocolate and cocoa products tested in the studies 
included in our review contained between 0% and 80% of sugar. One study compared the effect of 
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80% sugared with sugar-free cocoa powder on blood pressure and endothelial function  [  50  ] . A larger 
bene fi cial effect on endothelial function was observed with sugar-free cocoa powder compared with 
sugared cocoa powder, which might be explained by reduced micro- and macrocirculation in the arter-
ies due to acute hyperglycemia  [  56  ] . 

 Our meta-analysis of 21 trials indicated a larger bene fi cial effect on blood pressure if test products 
contained low amounts of sugar (<10 g/day). The bene fi cial effect of cocoa products with low sugar 
content was even more pronounced in overweight and obese individuals (BMI > 25):

   Mean SBP (95%CI) change: −2.62 (−5.13, 0.11) mmHg,  p  = 0.04, <10 g sugar in cocoa/day, BMI > 25  
  Mean DBP (95CI) change: −2.34 (−4.19, −0.50) mmHg,  p  = 0.01, <10 g sugar in cocoa/day, BMI > 25  
  Mean SBP (95%CI) change: −7.53 (−5.37, 2.32) mmHg,  p  = 0.44, >10 g sugar in cocoa/day, BMI > 25  
  Mean DBP (95%CI) change: −1.08 (−4.11, 1.94) mmHg,  p  = 0.48, >10 g sugar in cocoa/day, BMI > 25    

 While we did not identify body mass index (BMI) to be a predicting variable for the effect of cocoa 
on blood pressure, if viewed in combination with sugar intake, the differences in effect could be 
explained by an increased insulin resistance often associated with higher BMI. Skeletal muscle fat 
disrupts the insulin-mediated signaling pathway, and higher levels of insulin can cause elevation of 
blood pressure  [  20  ] .  

   Duration 

 To be included in our meta-analysis, the studies needed to have run for a minimum of 2 weeks dura-
tion. The majority of included studies (n = 9 out of 21) chose this relatively short time frame, a further 
eight trials studied participants for 3–8 weeks, one study with two trial arms ran for 12 weeks, and one 
followed participants up until 18 weeks. However   , the longest study gave participants the smallest 
dose of chocolate (6 g of 50% cocoa chocolate containing 30 mg of  fl avanols)  [  40  ] . 

 Pooled meta-analysis of trials of 2 weeks duration revealed a signi fi cant blood pressure–lowering 
effect:

   Mean SBP change (95%CI): −4.81 (−7.21, −2.41) mmHg,  p  < 0.001, n = 9  
  Mean DBP change (95% CI): −3.19 (−5.00, −1.38) mmHg,  p  = 0.0006, n = 9    

 In contrast, pooled meta-analysis of longer-term trials (>2 weeks) obliterated the effect of cocoa on 
blood pressure:

   Mean SBP change (95%CI): −0.14 (−1.76, 1.48) mmHg,  p  = 0.87, n = 12  
  Mean DBP change (95% CI): −0.85 (−1.82, 0.12) mmHg,  p  = 0.09, n = 11    

 It is important to note that seven out of the nine trials (78%) of 2 weeks duration also had a 
 fl avanol-free control group; therefore, this subgroup analysis by duration might be confounded by the 
level of cocoa  fl avanol used in the control groups. 

 Furthermore, several 2-week trials asked participants to consume a large amount of chocolate per 
day (1 bar = 100 g). This might be unpractical in the long term and might cause some unwanted side 
effects such as weight gain. Therefore, while shorter-term trials appear more effective, meta-analysis 
results by duration should be interpreted cautiously.  

   Age 

 Our meta-analysis indicated that the effect of cocoa on blood pressure was attenuated with increasing 
age. While cocoa had a signi fi cant blood pressure–lowering effect in trials with younger participants 
(mean age < 50 years, mean ± SE = 35.7 ± 9 years), we did not  fi nd a signi fi cant difference between 
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treatment and control groups of trials with older participants (mean age > 50 years, mean ± SE = 60.6 ± 9 
year). This effect was more pronounced if we compared trials of participants with a mean aged of less 
than 60 years versus more than 60 years:

   Mean SBP change (95% CI): −4.5 (7.41, −1.73) mmHg,  p  = 0.002, n = 10, <50 years  
  Mean DBP change (95% CI): −3.85 (−5.45, −2.26) mmHg,  p  < 0.001, n = 9, <50 years  
  Mean SBP change (95% CI): −0.91 (−3.21, 1.39) mmHg,  p  = 0.44, n = 11 >50 years  
  Mean DBP change (95% CI): −0.79 (−1.66, 0.08) mmHg,  p  = 0.07, n = 10, >50 years    

 The age-related effect seen in these subsets of studies might be associated with the structural and 
biochemical changes in the arterial wall apparent with aging  [  57  ]  and subsequent vascular reactivity 
to stimuli. Age-related changes include arterial stiffening in association with decrease of elastin and 
increase of collagen and glycosaminoglycans  [  57  ] . In addition, endothelin-1, a potent vasoconstrictor 
protein, is elevated in older adults  [  58  ] , and endothelial oxidative stress compromising NO availabil-
ity is more pronounced in the elderly  [  59  ] . Cocoa  fl avanols have been shown to reduce vascular 
resistance, arterial stiffness, and endothelin-1 and are potent scavengers of free radicals  [  4,   29,   60  ] , 
leading to improved vascular function. 

 In the short-term studies included in our review, the effect of cocoa on blood pressure might be 
more pronounced in younger individuals due to the age-related decrease of vascular reactivity to 
physiological stimuli such as cocoa  fl avanols.   

   Other Studies Excluded from Meta-analysis 

 Our search identi fi ed seven additional studies, reported in ten articles, which investigated the effect of 
chocolate or cocoa products on blood pressure. We excluded these seven studies in our meta-analysis 
because studies investigated the acute effects 2 h after ingestion of cocoa (n = 3)  [  24,   61,   62  ] , data 
required for meta-analysis were not available (n = 2)  [  52,   63  ] , or studies administered a high dosage 
of  fl avanol-rich cocoa to both active and control groups (n = 2)  [  64–  66  ] . 

 Acute bene fi cial effects of  fl avanol-rich cocoa included improved  fl ow-mediated dilation (FMD) 
 [  24,   62  ] , improved coronary vascular function, and decreased platelet adhesion  [  61  ] .  

   Summary 

 In conclusion, our meta-analysis of 21 short-term intervention studies involving 947 participants sug-
gests  fl avanol-rich chocolate and cocoa products to have a small but signi fi cant blood pressure–reduc-
ing effect (mean change SBP ± SE: −2.7 ±1.9 mmHg,  p  < 0.0001; mean change DBP ± SE: 
−2.1 ± 1.2 mmHg,  p  < 0.0001). This effect was more pronounced in systolic hypertensives compared 
with systolic normotensives but was independent of diastolic status. 

 Relatively small dosages of cocoa  fl avanols taken daily for an extended period appear to have 
bene fi cial effects on vascular function, including blood pressure; however,  fl avanol content in com-
mercially available chocolates varies greatly. In addition to the cocoa  fl avanol content, less sugar 
appears to improve the blood pressure–lowering effect, particularly in overweight and obese individu-
als, potentially due to compromised insulin sensitivity. 

 Vascular responsiveness to cocoa appears to decrease with age. We found cocoa to reduce blood 
pressure more readily in younger people (<50 years, mean ± SE = 35.7 ± 9 years) compared with older 
people (>50 years, mean ± SE = 60.6 ± 9 years), with the effect being more pronounced for systolic 
blood pressure. 

 Our meta-analysis did not suggest the blood pressure–lowering properties of cocoa to be associ-
ated with theobromine content.      
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    Introduction 

 Diabetes is one of the leading causes of mortality in both developed and developing countries. 
Worldwide, diabetes affects over 220 million people, with projected prevalence and related deaths 
expected to double between 2005 and 2030  [  1  ] . 

 Diabetes mellitus is generally classi fi ed as type 1 and type 2. Type 1 diabetes is characterized by an 
early onset in childhood and arises as a result of failure of pancreatic  b (beta)-cells to secrete insulin 
 [  1  ] . In type 2 diabetes, the function of pancreatic  b (beta)-cells remains normal; however, the ability of 
skeletal muscle and other insulin-target tissues to utilize glucose is compromised  [  1  ] . Failure to control 
diabetes results in hyperglycemia, which if left untreated leads to the development of complications 
such as retinopathy, neuropathy, cardiovascular disease, and kidney failure. To date, the cause of type 
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 Key Points 

    Diabetes is one of the world’s leading causes of mortality. Failure to control diabetes could lead to • 
the development of peripheral vascular and cardiovascular complications.  
  In vitro and animal studies suggest that polyphenols in cocoa and chocolate have the potential to • 
protect against diabetes and diabetes-related complications via a variety of molecular and physio-
logical mechanisms. However, data from human and epidemiological studies remain limited.  
  Further research is required before a de fi nite role for polyphenol-rich cocoa or chocolate in pre-• 
venting and managing diabetes-related complications is established.    
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1 diabetes remains largely unknown; hence, it is not possible yet to design dietary recommendations 
to prevent its occurrence. By contrast, type 2 diabetes is viewed as a lifestyle disease brought about by 
a combination of a sedentary lifestyle and excess adiposity  [  1  ] . In fact, current recommendations for 
the treatment and prevention of type 2 diabetes include adoption of a healthy lifestyle characterized by 
increased physical activity, maintenance of a healthy body weight, reducing adiposity, and adopting a 
healthy, balanced diet  [  2  ] . Since type 2 diabetes accounts for 90% of all diabetes cases  [  1  ] , understand-
ing its etiology and the role of diet and nutrition in preventing or reducing its occurrence might be 
central to devising effective health-promoting strategies. 

 Polyphenols are one of the most widespread groups of antioxidants found in our diet. One of the 
richest sources of polyphenols is cocoa  [  3  ] . Mounting evidence suggests a protective role for polyphe-
nols against chronic disease such as cardiovascular disease, hypertension, and diabetes  [  4,   5  ] . This 
protective role is thought to arise as a result of the antioxidant properties of polyphenols and their 
ability to alter the activity of various enzymes involved in metabolism, increase nitric oxide bioavail-
ability, and reduce in fl ammation  [  4,   5  ] . 

 The following critical review summarizes the current evidence from epidemiological studies, 
in vitro and animal studies and randomized clinical trials on the protective role of polyphenol-rich 
cocoa and its related products, chocolate, against diabetes. Potential mechanisms by which cocoa and 
chocolate polyphenols can protect against diabetes and its related complications are also discussed.  

   Epidemiological Studies 

 Evidence of the inverse association between cocoa consumption and chronic diseases such as diabetes 
and hypertension originates from studies on the Kuna Indians, a native population of San Blas Islands 
in Panama  [  6,   7  ] . The Kuna Indians have the highest  fl avonoid intake of any community, consuming 
on average 900 mg of polyphenols per day  [  6  ] . This high polyphenol intake is thought to be obtained 
from commonly ingested cocoa beverages. Studies comparing dietary behaviour of traditional Kuna 
Indians with Indian migrants residing in Panama City have shown that island-dwelling Kunas con-
sume 5–6 cups of cocoa-containing beverages per day  [  6  ] . The procyanidin content of these cocoa 
beverages has been estimated to be as high as 1,880 mg procyanidins per 4–8 oz  [  8  ] . This led several 
researchers to hypothesize that polyphenol-rich cocoa may be protective against chronic diseases. 
This hypothesis is supported by the lower prevalence of chronic diseases like stroke, hypertension, 
and diabetes in island-dwelling Kunas compared to other Panamanians who consume commercially 
available polyphenol-poor cocoa products  [  9  ] . In fact, it has been observed that deaths due to diabetes 
mellitus are up to four times lower among island-dwelling Kunas compared to city dwellers  [  6  ] . 

 Findings of the bene fi cial effects of polyphenol-rich cocoa as well as polyphenol-rich chocolate 
have also been observed in several other large Western cohorts, including the Dutch Zutphen Elderly 
cohort  [  10  ] , the Potsdam European Prospective Investigation into Cancer cohort  [  11  ] , and the Iowa’s 
Women’s Health study  [  12  ] . More recently, Cassidy and colleagues  [  13  ]  reported a 5–7% reduction in 
risk of hypertension in men and women aged  £ 60 years associated with consumption of catechin and 
epicatechin, respectively. This study used data from three large cohorts with an average follow-up of 
14 years and included 87,242 women from the Nurses’ Health Study (NHS) II, 46,672 women from 
the NHS I, and 23,043 men from the Health Professionals Follow-Up Study. 

 Most of the aforementioned observational studies used robust statistical analysis adjusting for 
important dietary and lifestyle confounders, including total energy intake, age, and body mass index. 
Nevertheless,  fi ndings from epidemiological studies should be interpreted with caution as they are 
subject to several limitations. First, it is dif fi cult to obtain an estimate of the polyphenol content 
of cocoa and chocolate products on population level, and most epidemiological studies also do 
not differentiate between the types of cocoa and chocolate products consumed (white, milk, or dark 
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chocolate). Invariably, most Western populations are more likely to consume commercially available 
cocoa or milk chocolate that is poor in polyphenols. This means that  fi ndings from observational stud-
ies may underestimate the true extent of the bene fi cial properties of polyphenol-rich cocoa and choco-
late. As a result, more stringent animal and human studies conducted under controlled conditions are 
required to con fi rm the  fi ndings of epidemiological studies. Second, most studies employed single 
nutrient or food analyses while adjusting for some nutrient and food intake. Such analysis does not 
take into account the fact that chocolate, like all other foods, is not eaten in isolation. Recently, Hamer 
and Mishra proposed the use of dietary patterns for studying the interactive effects of polyphenols and 
habitual diet  [  14  ] . This approach takes into account potential synergetic effects between polyphenol 
intake and other dietary constituents  [  14  ] . This approach also recognizes that foods are consumed in 
combination and that intake of foods is often highly correlated  [  14  ] . However, chocolate consumption 
is likely to form part of unhealthy dietary and lifestyle habits, as evident by the Seguimiento 
Universidad de Navarra Study, a study that included 5,880 participants, and that showed a strong link 
between chocolate consumption and snacking  [  15  ] . Thus, to overcome the limitations of single nutri-
ent and food analyses, future epidemiological studies should investigate the relation between cocoa or 
chocolate consumption and chronic disease and mortality after adjusting for overall dietary pattern. 
This will permit estimating the independent effect of cocoa or chocolate consumption on health. 
Finally, it is important to highlight that most observational studies have focused on cardiovascular 
disease outcomes and hypertension, and only limited evidence exists in relation to the association 
between cocoa or chocolate consumption and diabetes. The few studies that have examined the asso-
ciation between chocolate consumption and insulin resistance found that chocolate either protects 
against diabetes  [  6  ] , is only weakly associated with diabetes risk  [  16  ] , or adversely affects glucose 
tolerance and body mass index  [  17  ] . Such inconsistencies in  fi ndings could be attributed to variations 
in the de fi nition of cocoa and chocolate, with some studies placing sugary confectionaries and other 
polyphenol-poor cocoa and chocolate confectionaries in the same category as polyphenol-rich cocoa 
and chocolate. The latter is further complicated by the dif fi culty arising in estimating polyphenol 
intake from cocoa and chocolate. As such, evidence from epidemiological studies in relation to diabe-
tes remains limited, and further research is warranted in this  fi eld.  

   In Vitro and Animal Studies 

 Most of our knowledge of the hypoglycemic effects of polyphenol-rich cocoa and chocolate comes 
from mechanistic studies on cell lines and animals. Although most of these studies have been criti-
cized for using pharmacological doses of cocoa polyphenols, they provide key insight into the poten-
tial mechanisms by which cocoa polyphenols may protect against diabetes. Accordingly, cocoa 
polyphenols have been shown to act on several stages of glucose metabolism. In the gastrointestinal 
tract, cocoa polyphenols have been reported to downregulate the enzymatic activity of salivary and 
pancreatic  a -amylase, with larger polymers, such as procyanidins, being more effective than simpler 
phenols  [  18–  20  ] . Cocoa polyphenols have also been shown to reduce intestinal glucose absorption 
by directly interacting with glucose transporters  [  21,   22  ] . More speci fi cally, epicatechin gallate and 
quercetin-3-O-glucoside have been demonstrated to inhibit facilitated intestinal glucose transporter, 
GLUT2  [  22  ]  and sodium-dependent glucose transporters, namely, GLUT1 and sodium-dependent 
glucose transporter-1  [  21  ] . These changes in carbohydrate breakdown and glucose absorption could 
be hypothesized to account for the improved glycemic response seen in animals following consump-
tion of cocoa. 

 The bene fi cial effects of cocoa and its polyphenols on glycemic control have been demonstrated 
in several animal models of diabetes. In a model of type 2 diabetes, the diet of db/db diabetic obese 
mice was enriched with different doses of cacao liquor procyanidins for 3 weeks. Cacao procyanidins 
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produced a dose-dependent reduction in blood glucose and fructosamine levels  [  23  ] . The authors 
concluded that dietary intake of cacao beans could be “bene fi cial in preventing the onset of type 2 
diabetes”  [  23  ] . Similarly, in a series of studies, Amin and colleagues examined the effect of cocoa 
extract on glucose tolerance in normoglycemic and hyperglycemic rats  [  24  ] . Using three concentra-
tions of cocoa extract, they observed that glucose tolerance was improved in hyperglycemic rats fol-
lowing acute administration of a diet enriched with 3% cocoa extract. By contrast, normoglycemic 
rats showed a reduction in glucose concentrations 1 and 1.5 h after oral glucose tolerance tests after 
ingestion of 0.5%, 1.0%, and 3.0% cocoa extract. However, none of these effects were sustained after 
2 weeks of ingestion. In a later study, Amin and colleagues induced diabetes in 90 male Sprague–
Dawley rats and extended the cocoa treatment period to 4 weeks  [  25  ] . Glucose was monitored at the 
beginning and at the end of intervention. The rats were divided into two groups: normoglycemic and 
hyperglycemic group. Each group was further subdivided into four groups: a control, 1% cocoa 
extract, 2% cocoa extract, and 3% cocoa extract. Cocoa extract was administered by direct gastric 
intubation. In normoglycemic rats, no signi fi cant changes in glucose levels were observed between 
baseline and week 4. In diabetic rats, plasma glucose levels decreased by 47% and 57% after feeding 
with 1% and 3% cocoa extract, respectively. Amin and colleagues attributed these effects to the abil-
ity of cocoa to enhance basal insulin secretion, as demonstrated by some of their unpublished in vitro 
work on pancreatic cell lines  [  24,   26  ] . Indeed, cocoa has a protective effect against cytokine-induced 
 b (beta)-cell damage  [  27  ] . Pro-in fl ammatory factors have long been recognized to play a role in the 
pathogenesis of diabetes. One such pro-in fl ammatory factor is interleukin-1 b (beta). Interleukin-
1 b (beta) is activated by nuclear factor- k (kappa)B  [  27  ] . Its activation results in stimulation of induc-
ible nitric oxide synthase (iNOS) expression, leading to nitric oxide overproduction and subsequently 
 b (beta)-cell damage. Epicatechin has been shown to downregulate nuclear factor- k B  [  27  ] . This down-
regulation protects against interleukin-1 b (beta)-induced  b (beta)-cell damage, which leads to a reduc-
tion in nitrite levels and improvement in pancreatic insulin release  [  27  ] . Administration of 
(−)-epicatechin in doses of 30 mg/kg twice daily for 4–5 days to alloxan-induced diabetic rats has 
also been reported to normalize blood glucose concentration via regeneration of necrotic pancreatic 
 b (beta)-cells  [  28–  31  ] , a  fi nding that has not been observed by later studies  [  32–  34  ] . Nevertheless, 
more recent evidence suggests that administration of (−)-epicatechin to rats can preserve pancreatic 
 b (beta)-cell morphology against damage induced by streptozotocin, leading to improved pancreatic 
insulin secretion  [  35  ] . 

 In addition to the above pathways, multiple other mechanisms can explain the protective effects 
of cocoa polyphenols against diabetes. (−)-Epicatechin has been reported to possess insulin-like 
activity, including stimulation of oxygen uptake into insulin-target tissues (i.e., adipose tissue), inhi-
bition of lipolysis, and increase of glucose uptake and glycogenesis  [  36  ] . (−)-Epicatechin has also 
been shown to reduce lipid peroxidation and improve antioxidant enzyme activity in rats, effects that 
are accompanied by a reduction in blood glucose levels  [  37,   38  ] . Cocoa supplementation can report-
edly reduce circulating plasma free fatty acid  [  38  ] , increase high-density lipoprotein cholesterol 
concentration, and reduce low-density lipoprotein cholesterol and triglyceride levels  [  25  ] . Both 
changes in oxidative stress and free fatty acids play a key role in the pathogenesis of diabetes and 
may in fl uence the development of diabetes-related complications  [  39,   40  ] . As such, polyphenol-rich 
cocoa and is main product, chocolate, can be argued to have the potential to protect against diabetes 
and its related risk factors and complications via various mechanisms, as outlined in Fig.  24.1 . This 
could partially supported by some of the few studies that have shown that consumption of cocoa-
derived procyanidins by streptozotocin rats inhibits diabetes-induced cataract formation by reducing 
oxidative stress  [  41  ] .  
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   Limitations 

 One of the major criticisms of animal studies investigating the hypoglycemic properties of cocoa 
extract is the use of obese type 2 diabetes genetic models and streptozotocin-induced diabetic rat 
models (see reference  [  42  ] ). In the  fi rst model, animals are genetically modi fi ed to develop a pheno-
type similar in characteristic to type 2 diabetes with hyperglycemia, hyperinsulinemia, and obesity. In 
the second model, streptozotocin produces in fl ammatory lesions in pancreatic  b (beta)-cell function, 
which leads to progressive decline in  b (beta)-cell function and eventually diabetes in a similar manner 
to the autoimmune response seen in type 1 diabetes  [  43  ] . These models have been criticized because 
they do not mimic the natural disease progression and the metabolic characteristics of human type 2 
diabetes  [  42  ] . Thus, Jalil et al. proposed the use of rats fed a high-fat diet and injected with a low dose 
of streptozotocin for studying the hypoglycemic effects of cocoa polyphenols  [  42  ] . In this model of 
type 2 diabetes, insulin resistance precedes hyperglycemia and occurs as a consequence of obesity, 
which then leads to type 2 diabetes  [  42  ] . Jalil et al. observed that cocoa extract supplemented with 
polyphenols (2.17 mg epicatechin, 1.52 mg catechin, 0.25 mg procyanidin dimer, and 0.13 mg trimer 
per 1 g cocoa extract) and methylxanthines (3.55 mg caffeine and 2.22 mg theobromine per 1 g cocoa 
extract) acutely reduced postprandial glucose levels as assessed by the oral glucose tolerance test 
 [  42  ] . However, no signi fi cant improvements in plasma glucose level, insulin level, and insulin sensi-
tivity after 4-week consumption of the cocoa extract were observed  [  42  ] . As a result, Jalil et al. argued 
that cocoa may not directly affect insulin secretion. Alternatively, differences in composition and dos-
age of cocoa extracts and the use of different diabetes models, re fl ecting differences in etiology of 
disease, may have yielded inconsistent results  [  42  ] .  

  Fig. 24.1    Potential mechanisms by which cocoa and chocolate polyphenols protect against diabetes and its associated 
macrovascular and microvascular complications       
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   Role of Other Cocoa and Chocolate Constituents 

 Cocoa and dark chocolate contain high levels of minerals and methylxanthines (caffeine and theobro-
mine)  [  44  ] . These compounds can potentially in fl uence glucose metabolism. Magnesium acts as a 
cofactor at several stages of carbohydrate metabolism affecting glucose transport, insulin secretion, 
and insulin activity  [  45  ] . In prospective cohorts, magnesium intake has also been inversely related to 
type 2 diabetes incidence  [  45  ] . Caffeine, on the other hand, has been shown to reduce insulin sensitiv-
ity in healthy individuals  [  46  ]  and impair glucose metabolism in type 2 diabetics  [  47,   48  ] . Thus, it 
could be speculated that caffeine may have counteracted the hypoglycemic properties of cocoa poly-
phenols in Jalil’s 4-week trial leading to the null  fi ndings. Theobromine is present in dark chocolate 
in concentrations as high as 237–519 mg per 50 g  [  49  ] . However, its role in glucose metabolism 
remains largely unknown. Thus, future studies should consider providing data on the composition of 
cocoa extract to enable comparison between studies. Potential interactions between the different 
cocoa constituents also need to be investigated. Further research using physiological doses would also 
be recommended.   

   Human Studies 

 In 2005, Grassi and colleagues hypothesized that polyphenol-rich dark chocolate may improve insulin 
sensitivity  [  50  ] , a hypothesis that stemmed from earlier studies that showed that cocoa and dark 
chocolate polyphenols reduce blood pressure by increasing insulin-dependent nitric oxide bioavail-
ability  [  51–  54  ] . This led to the series of pioneering studies which showed that consumption of poly-
phenol-rich dark chocolate improves insulin resistance, insulin sensitivity, and fasting glucose levels 
in healthy  [  50  ] , hypertensive  [  55  ] , and glucose-intolerant hypertensive adults  [  56  ] . Since then, a num-
ber of human interventions have been completed that have looked at the effect of polyphenol-rich 
cocoa and dark chocolate on glucose metabolism in overweight and obese  [  57,   58  ] , insulin-resistant 
 [  59  ] , and diabetic adults  [  60  ]  (Table  24.1 ). Currently, more clinical trials are underway to investigate 
the effect of polyphenol-rich cocoa on endothelial dysfunction, kidney function, and cerebral blood 
 fl ow in diabetic patients (see clinicaltrials.gov).  

   Early Human Studies 

 In their  fi rst trial, Grassi and colleagues compared the effect of 100 g of polyphenol-rich dark choco-
late versus the effect of polyphenol-de fi cient white chocolate on several parameters of glucose metab-
olism  [  50  ] . In this crossover randomized-controlled trial, healthy normotensive volunteers were given 
100 g of dark chocolate with a 500-mg polyphenol content or 90 g of white chocolate for 15 days and 
then crossed over to the other treatment separated by a 1-week washout period  [  50  ] . They found that 
polyphenol-rich dark chocolate improved homeostasis model assessment of insulin resistance 
(HOMA-IR) and quantitative insulin sensitivity check index (QUICKI) compared to polyphenol-
de fi cient white chocolate. In a later study, Grassi et al. reported signi fi cant improvements in HOMA-IR, 
QUICKI, and oral glucose tolerance test in patients with essential hypertension at the end of 15 days 
intervention with 100 g of polyphenol-rich dark chocolate  [  55  ] . In their latest intervention, Grassi 
et al. showed improvements in HOMA-IR, QUICKI, insulin sensitivity index (ISI), and  b (beta)-cell 
function as calculated by corrected insulin response (CIR120) in hypertensive subjects with impaired 
glucose tolerance  [  56  ] . These changes in insulin sensitivity and  b (beta)-cell function were correlated 
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with improvement in  fl ow-mediated dilation and blood pressure, thereby providing support for the 
basis of the hypothesis that led Grassi and colleagues to investigate the bene fi cial properties of poly-
phenol-rich dark chocolate on glucoregulatory biomarkers.  

   Limitations of Early Human Studies 

 As is the case with most studies, there were several limitations to the studies conducted by Grassi and 
colleagues. First, Grassi and colleagues used large amounts of chocolate providing 480 kcal. Inevitably, 
such large intake is not sustainable in the long term and could lead to weight gain, as demonstrated by 
Desch et al. who found that consumption of 25 g of polyphenol-rich dark chocolate by overweight and 
obese individuals over 3 months increases body weight  [  61  ] . This suggests that any bene fi cial effect 
of chocolate consumption could be outweighed by the detrimental effects of weight gain. Second, 
Grassi et al. used white chocolate as control, which does not permit effective blinding of volunteers. 
White chocolate also differs from dark chocolate in its macronutrient and fatty acid composition 
because it does not contain any methylxanthines or magnesium. This means that any observed changes 
in glucose or insulin levels seen in Grassi et al.’s trials cannot be attributed directly to polyphenol 
intake. Regardless of these limitations, Grassi et al.’s  fi ndings triggered novel interventions that exam-
ined the effect of cocoa or lower dark chocolate intake on glucose metabolism. These studies, as 
outlined below, produced con fl icting  fi ndings.  

   Evidence from Human Studies in Insulin-Resistant and Diabetic Patients 

 In a short-term study conducted by Stote and colleagues, twice-daily administration of different doses 
of procyanidin-rich cocoa (22–900 mg procyanidins) to insulin-resistant men and women for 5 days 
did not change fasting glucose levels, HOMA-IR, and ISI  [  59  ] . By contrast, in overweight and obese 
subjects, Davison et al. found that 12 weeks of twice-daily ingestion of a cocoa beverage (902 mg 
 fl avanols ) improved insulin resistance in addition to reducing blood pressure and ameliorating  fl ow-
mediated dilation  [  57  ] . However, this effect was not observed with habitual dark chocolate intake 
 [  62  ] , whereby ingestion of 6.3 g of dark chocolate (30 mg of polyphenols) for 18 weeks did not pro-
duce any signi fi cant changes in glucose or insulin levels  [  62  ] . 

 In another study conducted on type 2 diabetic patients undergoing oral or insulin antidiabetic 
therapy, Balzer et al. demonstrated that consumption of cocoa (963 mg and 75 mg  fl avanols) for 
30 days improved endothelium function and glycemic control, as indicated by the reduction in glyco-
sylated hemoglobin levels  [  60  ] . The latter effect occurred despite the absence of any effect on fasting 
glucose, suggesting that cocoa intake might be more essential in terms of improving long-term glyce-
mic control and possibly reducing vascular complications in diabetes  [  60  ] . Alternatively, the use of a 
cocoa beverage containing 27 g of carbohydrates, of which 15 g was sugar, may have attenuated the 
hypoglycemic effect of cocoa polyphenols. This implies that future studies should perhaps use sugar-
free cocoa in investigating the impact of cocoa consumption on diabetics. The fact that patients were 
receiving antidiabetic therapy may also suggest that patients were at a more advanced stage of disease, 
which potentially implies that timing of intervention may determine the extent of the impact of cocoa 
consumption on glucose metabolism. 

 Together, these studies may suggest that a longer duration and a higher dose of polyphenols could 
be required to achieve a marked reduction in glucose levels. It can also be postulated that improve-
ment in glycemic regulation can occur without a detectable reduction in fasting glucose. Alternatively, 
polyphenol intake may be more important in protecting against diabetes-related complication as 
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opposed to glycemic control. In this respect, a recent study conducted on type 2 diabetics found that 
4-week consumption of 15 g chocolate with 85% cocoa content (6.6 mg epicatechin) improved ath-
erosclerotic pro fi le by increasing HDL cholesterol and improving the cholesterol to high-density cho-
lesterol ratio  [  63  ] .  

   Evidence from Human Studies in Overweight and Obese Subjects 

 In a randomized crossover study conducted by our group, overweight and obese subjects were given 
20 g of dark chocolate containing 500 or 1,000 mg polyphenols for 2 weeks, separated by a 1-week 
washout period  [  58  ] . Both polyphenol doses were found to produce similar reductions in fasting capil-
lary glucose levels and blood pressure  [  58  ] . We concluded that increasing polyphenol intake above 
500 mg/day may not necessarily provide additional health bene fi ts. Indeed, one study has found that 
high doses of polyphenols produce pro-oxidant effects  [  64  ] , and, as outlined earlier,  fi ndings from 
studies that used high doses of polyphenols from cocoa are con fl icting  [  57,   59,   60  ] . Based on our 
preliminary results, we decided to examine the hypoglycemic properties of dark chocolate containing 
500 mg of polyphenols in overweight and obese women. We selected a placebo dark chocolate that 
was matched for macronutrient and methylxanthine composition. Accordingly, overweight and obese 
women were found to respond more effectively to the hypoglycemic and hypotensive properties of 
polyphenol-rich dark chocolate compared to women with a normal-range body mass index  [  65  ] . In 
fact, 4-week consumption of dark chocolate with 500 mg of polyphenols produced a body mass 
index–dependent improvement in fasting glucose, insulin sensitivity, and blood pressure. To our 
knowledge, this was the  fi rst study that investigated differences in response between individuals with 
normal body mass index and those with a body mass index of 25 kg/m 2  or greater. Our  fi nding may 
imply that individuals with a high cardiometabolic risk may bene fi t more from polyphenol intake than 
healthy individuals. This could be partially reinforced by the greater reduction in blood pressure seen 
following consumption of polyphenol-rich dark chocolate by hypertensives  [  55  ]  compared to normo-
tensive adults  [  50  ] . 

 Overweight and obese individuals were more adversely affected by the ingestion of the placebo 
chocolate used in our study (polyphenol-poor dark chocolate), as indicated by the signi fi cant rise in 
fasting insulin, HOMA-IR following placebo  [  65  ] . This  fi nding has not been reported by earlier stud-
ies  [  50,   55,   56  ]  but is consistent with the  fi ndings of Holt et al., who reported that chocolate confec-
tionery (Mars Bar) and chocolate- fl avored breakfast cereal (Coco Pops) have an insulin index 50–60% 
higher than that predicted by their glycolic index  [  66  ] . Similarly, Brand-Miller et al. have observed 
that commercially available cocoa powder can produce hyperinsulinemia by increasing postprandial 
insulin secretion  [  67  ] . This hyperinsulinemic effect appears to be higher than the one induced by 
products with a similar fat content, like potato chips and croissants  [  67  ] . Brand-Miller et al. argued 
that stearic acid in cocoa butter or amino acids in cocoa might account for the enhanced insulin 
response of cocoa products  [  67  ] . However, to date, no studies have attempted to identify the agent 
responsible for the hyperinsulinemic effects of polyphenol-poor cocoa or chocolate. Therefore, it 
remains unclear whether it is the high fat content or other potential constituents that account for the 
hyperinsulinemic effects of polyphenol-poor cocoa or chocolate. The combined evidence from the 
aforementioned studies may also suggest that the health bene fi ts of polyphenol-rich cocoa and choco-
late consumption should be placed into two categories: (1) health bene fi ts provided over and above 
usual intake, such as the glucose and blood pressure-lowering effects, and that can be directly attrib-
uted to polyphenols and (2) indirect health effects, such as preventing hyperinsulinemia induced by 
polyphenol-poor cocoa or chocolate. The latter effects do not provide additional health bene fi ts; 
rather, they counteract the deleterious effects of polyphenol-poor placebo. This hypothesis warrants 
further investigation since it can improve our understanding of the role of polyphenols in health. 
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This is particularly important since in addition to raising insulin and promoting insulin resistance, we 
observed a marked rise in oxidative stress and salivary cortisol in women with normal-range BMI and 
in overweight and obese women following a 4-week ingestion of placebo. Polyphenol-rich dark choc-
olate, on the other hand, improved antioxidant status and did not affect cortisol levels. Cocoa butter 
induces oxidative stress both in vitro and in vivo. High-fat feeding has also been shown to stimulate 
basal and stress-induced hypothalamic activity in animal studies. This evidence reinforces once again 
the possibility that in the absence of polyphenols, high-fat products such as chocolate may adversely 
affect metabolism. This led us to hypothesize that commercially available cocoa and its products that 
are de fi cient in polyphenols could have deleterious effects on health, both through their energy den-
sity and ability to raise insulin and cortisol levels.   

   Summary 

 Evidence from in vitro and animal studies suggests a potential role for polyphenol-rich cocoa and 
chocolate in protecting against insulin resistance and diabetes-related complications. However, data 
from epidemiological and human studies remain minor and con fl icting. Further research is needed to 
identify the polyphenol dose, treatment duration, and stage of disease intervention required to achieve 
diabetes-protective effects. Future studies should also adopt more robust study designs ensuring effec-
tive blinding of volunteers. The latter could be achieved by using a placebo product that is matched 
for appearance, taste, texture, and macro- and micronutrient composition. 

 Finally, it remains to be stated that because of its high caloric and fat value, recommending choco-
late as a health food in the prevention and management of diabetes-related complication may be 
counterintuitive. Currently, most of the evidence of the hypoglycemic and insulin-sensitizing effects 
of chocolate polyphenols comes from studies that use large amounts of chocolate, sometimes up to 
100 g/day. Since individuals with type 2 diabetes are likely to be obese, including chocolate as part of 
their diet might lead to weight gain that is likely to counteract any bene fi cial effect of polyphenols. 
From a public perspective, the absence of labels on cocoa and chocolate products that provide infor-
mation on the polyphenol content of these products can also potentially be misleading since neither 
the darkness of chocolate nor its cocoa content serve as guides of polyphenol content  [  68  ] . Thus, cau-
tion should be used in interpreting the  fi ndings from current studies. Nevertheless, with recent 
advances in the processing method of cocoa beans, it may be possible in future to use the natural 
cocoa beans and the derived powder as part of a healthy balanced diet in the prevention and manage-
ment of chronic diseases. This is particularly true in relation to cocoa since it possesses all the physi-
cal and physiological advantages of chocolate in terms of  fl avor and polyphenols without providing 
excess calories. Until then, we need to continue to explore the sweet secrets of  Theobroma cacao , the 
food of the Gods.      
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    Introduction 

 Diabetes mellitus, and in particular type 2, is generally characterized by hyperglycemia, insulin resis-
tance (reduced insulin sensitivity), and obesity. Obesity is associated with not only diabetes but also 
hyperlipidemia and hypertension. The coexistence of these diseases is known as metabolic syndrome, 
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 Key Points 

    Type 2 diabetes is generally characterized by hyperglycemia, insulin resistance (reduced insulin • 
sensitivity), and obesity, which is associated with not only diabetes but also hyperlipidemia and 
hypertension.  
  Evidence from the past 10 years demonstrates that moderate intake of dark chocolate may exert • 
protective effects against the development of type 2 diabetes risk factors; however, large-scale 
clinical trials are required.  
  Several mechanisms have been proposed to explain the chocolate’s positive effects, not only on • 
insulin sensitivity and vascular endothelial function but also its metabolic (fat and carbohydrate), 
antihypertensive, antithrombotic, and anti-in fl ammatory effects.  
  Polyphenol-rich chocolate may potentially be used as a nutraceutical medication to help treat dia-• 
betes, strokes, and vascular dementia; thus, future studies should provide information on polyphe-
nol content and the  fl avanol plasma levels achieved.    
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a high-risk factor for cardiovascular disease. Insulin resistance is considered a key feature of these 
diseases and is de fi ned as a state requiring more insulin in order to obtain the biological effects 
required with a lower insulin level in the normal state. This metabolic abnormality is induced by obe-
sity, especially increased visceral fat, via the enhancement of in fl ammation and hypoadiponectinemia. 
Adipose tissues have now become increasingly recognized as an active endocrine organ that produces 
and secretes a wide array of bioactive substances, including in fl ammatory mediators. The glucocorti-
coid cortisol plays a critical role in controlling short-term and long-term glucose metabolism; it also 
has a potential role in regulating other in fl ammatory cytokines and adipokines (see Chap.   24    ). 

 Cocoa beans are now widely known to provide a rich source of polyphenolic antioxidants, 
speci fi cally, “ fl avanols.” Their antioxidant concentration per mass is believed to be about 10%, which 
is the highest concentration level of antioxidants in any known food, and their importance stems 
mainly from their antioxidant properties and ability to regulate various biological/biochemical pro-
cesses  [  1  ] . Polyphenols have been implicated in the prevention of a number of oxidative-related dis-
eases, including cardiovascular disease (CVD), hypertension, and diabetes. They are often categorized 
into four groups depending on the number of phenol rings contained in their structure: phenolic acids, 
 fl avonoids, stilbenes, and lignans  [  1,   2  ] . So far, thousands of polyphenols have been identi fi ed in the 
diet  [  3  ] , and the average dietary intake of these plant products is estimated to be in the range of 1 g 
per day  [  2,   4  ] . Nevertheless, the maximum plasma concentration of polyphenols rarely exceeds 1  m M 
following ingestion of 10–100 mg of a single phenolic compound. Cocoa, chocolate, and especially 
dark chocolate contain high levels of low-molecular-weight  fl avonoids such as (−)-epicatechin and 
(+)-catechin  [  5  ]  as well as dimer to hexamer procyanidins, these procyanidins being characteristic of 
cocoa and chocolate products  [  6,   7  ] . Interestingly, cocoa has also been shown to contain more poly-
phenols and  fl avonoids per serving than red wine, green tea, or black tea. In fact,  fl avanols are believed 
to be responsible for the healthy effect of chocolate on the cardiovascular system. However, similar 
to many natural foods, the antioxidant values of the raw cocoa fall markedly during the chocolate-
making process. Therefore, by consuming high-quality cocoa products that contain bioactive  fl avanols, 
insulin function could be improved, blood sugar is better controlled, and possibly, the incidence of 
prediabetes is lowered. The molecules in cocoa credited for the “healthy heart” effects of certain 
cocoas and dark chocolate may well be used to help treat diabetes, stroke, and vascular dementia and 
could soon be available to nutraceutical companies and industry for production and development into 
new medications in the near future. In this chapter, a summarized overview describing the effect of 
chocolate in the treatment of diabetes risk factors will be presented and whether chocolate can be 
consumed as potential adjunct therapy by type 2 diabetic patients.  

   De fi nition of Healthy Chocolate 

 It is a common misunderstanding that any dark chocolate contains high levels of polyphenols. In fact, 
there is no relationship between the darkness of chocolate and polyphenol content. In other words, not 
every dark chocolate contains high polyphenols. So we have to always de fi ne the healthy chocolate as 
the polyphenol-rich chocolate and not dark chocolate  [  8  ] . The use of the term “dark chocolate” is 
misleading; there is nothing about the color of the chocolate that will tell you the  fl avanol content. 
A key step in the manufacturing chain of edible chocolate, where signi fi cant loss of  fl avanols occurs, 
after fermentation, is an alkalization step called dutching. The Dutchman van Houten discovered 200 
years ago that adding alkali-potash to cocoa nibs would enhance the taste, texture, and appearance of 
the cocoa. Dutched cocoa bitterness was therefore eliminated, together with most of the active 
 fl avanols. The underreported effect of alkalization is, in fact, darkening of cocoa, so that a very dark 
chocolate might be essentially devoid of  fl avanols. Commercially, the so-called dark chocolates 
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mainly refer to the percentage of nonfat cocoa present in the product in relation to other constituents 
such as milk, fat, and sugar that are used commercially to re fl ect chocolate quality  [  9  ] . However, it is 
accepted that the  fl avanols and procyanidins contained mostly in commercial dark chocolate and not 
white chocolate that are most likely to be associated with the observed health bene fi ts. Therefore, 
monitoring the  fl avanol content of chocolate as the key determinant of quality in commercially avail-
able chocolate products would be essential for consumer assurance. 

 The main healthy chemicals in chocolate are believed to be epicatechin and its esters, as tests 
showed that pure epicatechin consumed by people had much the same effect as  fl avanol-rich cocoa .  
Studies have shown that epicatechin is, at least in part, responsible for the bene fi cial vascular effects 
that are observed after the consumption of  fl avanol-rich chocolate  [  10–  12  ] . This chapter will sum-
marize the results of several studies for the potential bene fi ts of cocoa  fl avanols for treatment of seri-
ous risk factors that are mostly implicated in the onset of diabetes mellitus.  

   Chocolate and Carbohydrate Metabolism in DM 

 Cocoa and polyphenol-rich chocolate (PRC) act on different multiple sites of carbohydrate metabo-
lism. Cocoa polyphenols have been shown to downregulate (alpha)  a -amylase, an enzyme involved in 
the breakdown of carbohydrate  [  13  ]  and that proanthocyanidins can in vitro inhibit salivary and pan-
creatic  a -amylase activity  [  14  ] . Intestinal glucose transporter, GLUT2, and sodium-dependent glu-
cose transporters, namely, GLUT1, have been shown to be inhibited by polyphenols via direct 
interactions between epicatechin gallate or quercetin-3-O-glucoside and the respective transporters, 
which results in slower carbohydrate breakdown and delayed absorption, hence improved glycemic 
response  [  15,   16  ] . Consumption of a cocoa extract has been shown to reduce blood glucose in diabetic 
rats  [  17  ]  and in diabetic obese mice  [  18  ] . In humans, PRC consumption was found to improve insulin 
resistance, insulin sensitivity, and fasting glucose levels in healthy  [  19  ] , hypertensive  [  20  ] , glucose-
intolerant hypertensive  [  21  ] , and obese subjects  [  22  ] . Most recently, Grassi et al.  [  21  ]  reported 
improvement in HOMA-IR, QUICKI, and insulin-sensitivity index as well as (beta)  b -cell function in 
hypertensive subjects with impaired glucose tolerance following 15 days of 100 g DC and that the 
changes were correlated with improvement in  fl ow-mediated dilation, thereby con fi rming a previous 
observation that an association exists between insulin resistance and endothelium. Also, Muniyappa 
et al.  [  23  ]  have reported that cocoa consumption for 2 weeks enhances insulin-mediated vasodilation 
without improving blood pressure or insulin resistance in essential hypertension. 

 Some researchers, on the other hand, failed to show any signi fi cant improvement in glucose, 
HOMA-IR and insulin sensitivity following 5 days of daily consumption of procyanidin-rich cocoa 
beverage by insulin-resistant men and women  [  24,   25  ] . This may suggest that a longer duration and a 
higher dose of polyphenols are required to achieve a signi fi cant reduction in glucose levels. It can also 
be postulated that improvement in glycemic regulation can occur without detectable reduction in fast-
ing glucose. Balzer et al.  [  26  ]  investigated the effect of regular cocoa intake on diabetics and showed 
a signi fi cant reduction of hemoglobin A 

lc
 , implying improved glycemic control despite not having any 

effect on fasting glucose levels. 
 A number of antiobesity agents, such as orlistat, are potent competitive inhibitors of pancreatic 

lipase. These agents interfere with the hydrolysis and absorption of dietary carbohydrates and lipids. 
Pancreatic  a -amylase, lipase, and phospholipase A 

2
 , which are delivered into the intestinal lumen as 

constituents of pancreatic juices, are the major enzymes involved in the hydrolysis of dietary starch 
and fat. It is increasingly recognized that polyphenols can in fl uence carbohydrate and lipid metabo-
lism by affecting the activity of these digestive enzymes. Inhibition of  a -amylase in vitro by cocoa 
phenolic extracts has been reported, with procyanidins showing a greater inhibitory activity  [  27  ] .  
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   Chocolate and Blood Pressure 

 The  fi rst observations of an association between cocoa consumption and blood pressure were reported 
from the Kuna population of Panama where Kuna Indians were found to have low rates of CVD and 
hypertension despite consuming large quantities of salt  [  28  ] . This cocoa consumption was found to 
be associated with a threefold higher urinary nitrate/nitrite excretion in Kuna Indians compared to 
mainland dwellers, who did not consume  fl avonoid-rich cocoa  [  29  ] . Activation of nitric oxide (NO) 
system was suggested to be the underlying mechanism by which cocoa consumption reduced blood 
pressure  [  29,   30  ] . Reductions in both systolic blood pressure (SBP) and diastolic blood pressure 
(DBP) were reported by short-term randomized controlled trials  [  31,   32  ] . In their latest study, Grassi 
et al.  [  21  ]  also reported a reduction in 24-h SBP and DBP in glucose-intolerant hypertensive patients. 
The effect of solid versus liquid cocoa and sugared versus sugar-free cocoa has been compared, and it 
was found that acute consumption of dark chocolate (DC) and sugar-free cocoa by overweight and 
obese individuals has reduced SBP and DBP by 3.2 or 1.2 mmHg and 1.4 or 1.2 mmHg, respectively 
 [  32  ] . In contrast, sugared cocoa has not been shown to reduce blood pressure. 

 Long-term (12 weeks) randomized controlled trials have also reported improvement in blood pres-
sure following consumption of  fl avonoid-rich cocoa containing 902 mg  fl avanols  [  22,   25  ] . This effect 
was correlated with an increase in S-nitrosoglutathione, thereby con fi rming previous observational 
studies of the relation between cocoa consumption, NO system, and blood pressure. It is worth men-
tioning that Taubert et al.  [  25  ]  stated that although the reduction in blood pressure was signi fi cant, 
none of their participants attained lower-range prehypertension (130/85) or an optimal blood pressure 
(120/80), suggesting that statistical signi fi cance does not necessarily imply clinical relevance. Similar 
reductions in blood pressure following cocoa ingestion have been correlated with a 50% reduction in 
cardiovascular and all-cause mortality  [  33  ] . This suggests that including cocoa or PRC in the diet of 
hypertensive subjects or those at risk of hypertension (overweight and obese) may be more bene fi cial 
in the long-term reduction of hypertension-related complications rather than in controlling hyperten-
sion itself. This is also particularly important for diabetics, where cocoa and PRC might be bene fi cial 
in preventing diabetes-associated complications rather than in improving glycemic control. Before 
recommending DC and cocoa to patients who are on antihypertensive treatment, potential effects of 
the chocolate phenols should be evaluated. Taubert et al.  [  25  ]  stated that “the cumulative phenol dose 
may determine the magnitude of transcriptional NO synthase activation and subsequent fall in blood 
pressure.” Angiotensin II is produced through the conversion of angiotensin I by angiotensin convert-
ing enzyme. Procyanidins (dimer to hexamers) and epigallocatechin have been shown to be effective 
inhibitors of angiotensin converting enzyme  [  34  ] . Chocolate extracts have also been shown to inhibit 
this enzyme in rat kidney membrane, the effect being related to the concentration of  fl avanols within 
the chocolate extract  [  35  ] . Cocoa  fl avonoids were shown to attenuate angiotensin II-induced activa-
tion of MAPK-dependent pathway  [  36  ]  that can lead to decreased endothelin-1 and reactive oxygen 
species (ROS) production and subsequently improved NO bioavailability. However, in vivo inhibition 
of angiotensin converting enzyme by chocolate or cocoa has not yet been reported. 

 It is worth mentioning, however, that other studies have failed to report any signi fi cant changes in 
blood pressure following 2 weeks of 46 g DC (213 mg procyanidins) ingestion  [  37–  39  ] . In healthy 
subjects, another study  [  40  ]  attributed the lack of effect on blood pressure (BP) to normal baseline 
blood pressure levels. However, Grassi et al.  [  20  ]  subjects also had a mean SBP of 113.9 mmHg, but 
a signi fi cant 6.4-mmHg reduction in SBP levels was observed. The differences in these studies could 
be due to several factors: individual baseline differences in BP, duration of intervention, time point at 
which blood pressure was measured, dose of  fl avonoids used, and the instruments used to monitor 
blood pressure.  
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   Chocolate and Vascular Health 

 Dark chocolate has been shown to be protective against heart attacks, as it can lower their incidence 
 [  41–  43  ] . It also lowers the incidence of death by coronary heart disease  [  44,   45  ] . Epidemiological data 
suggest that intake of  fl avanol-rich cocoa was inversely associated with 15-year cardiovascular and 
all-cause mortality in older males  [  46–  48  ] . Moreover, (−)-epicatechin and its metabolite, epicatechin-
7- O -glucuronide, have been identi fi ed as independent predictors of some of the vascular effects asso-
ciated with the consumption of a  fl avanol-rich beverage  [  10,   49,   50  ] . The most widely reported and 
consistent  fi nding was the inverse association between chocolate  fl avonoid intake and coronary heart 
disease mortality in men and women by several studies over many countries  [  33,   51–  56  ] . Chocolate 
 fl avanoids have been shown to protect the arteries in a dose-response bioavailability manner in humans 
 [  57,   58  ] . There are several mechanisms by which  fl avanoids may be protective against cardiovascular 
disease: antioxidant, antiplatelet, anti-in fl ammatory effects, as well as increasing HDL, lowering 
blood pressure, and improving endothelial function  [  10,   59  ] . Moreover, Balzer et al.  [  26  ]  showed that 
in both acute (single-dose) ingestion of cocoa, containing increasing concentrations of  fl avanols (75, 
371, and 963 mg), and 30-day intervention studies, there was an improvement in vascular function in 
medicated diabetic patients as assessed by an increase in FMD ( fl ow-mediated dilation). They con-
cluded that diets rich in  fl avanols reverse vascular dysfunction in diabetes, highlighting therapeutic 
potentials in cardiovascular disease. 

 Cocoa  fl avanols were found to have an aspirin-like effect (reduction in platelet aggregation). Dark 
chocolate induces coronary vasodilation, improves coronary vascular function, and decreases platelet 
adhesion 2 h after consumption  [  60  ] . These bene fi cial effects were paralleled by a signi fi cant reduc-
tion of serum oxidative stress and were positively correlated with changes in serum epicatechin con-
centration. Several studies (as reviewed in  [  61  ] ) focused on the in vivo effects of food sources 
containing (−)-epicatechin and (1)-catechin, as well as procyanidin oligomers and polymers on plate-
let function. Platelet function was measured using the platelet function analyzer (PFA-100)  [  62–  66  ] . 
This device assesses shear stress-induced platelet aggregation and found that acute intake of  fl avanols 
produced 3–11% inhibition of collagen-epinephrine-induced closure time per 100 mg  fl avanols con-
sumed 2–6 h after ingestion. Other studies also found a signi fi cant inhibition of platelet aggregation 
and activation upon acute or chronic intake of dietary  fl avanols from cocoa  [  38,   60,   67–  69  ] . Such 
effects may be nutritionally relevant, as 100 mg  fl avanols can be obtained from 11 g of dark chocolate 
with a cocoa content of 70% w/w  [  70,   71  ] , from 52 g of milk chocolate  [  72,   73  ] , or from 50 to 100 mL 
of a cocoa drink containing 8% w/v pure cocoa  [  66,   70,   71  ] .  

   Chocolate and Endothelium Function 

 Numerous studies have indicated that  fl avanols may exert signi fi cant vascular protection not only from 
their antioxidant properties but also increased nitric oxide availability. Nitric oxide is a critical com-
ponent in healthy blood  fl ow and blood pressure control, two very important factors in controlling 
diabetes. Studies have also shown that antioxidants in cocoa help the body process NO, thus prevent-
ing fatty substances in the blood from oxidizing and narrowing the arteries, leading to high blood 
pressure, another serious diabetes risk factor. Chocolate  fl avonoids have been shown to improve NO 
bioavailability through a variety of mechanisms. Quercetin increases endothelial nitric oxide synthase 
(NOS) activity, while epicatechin decreases superoxide levels by directly scavenging it  [  74  ] . The 
dimer procyanidin B2 and (−)-epicatechin glucuronide could both scavenge superoxide and inhibit 
NADPH oxidase  [  75  ] . Polyphenols have also been shown to prevent eNOS uncoupling due to decreased 
BH4, an eNOS cofactor  [  76  ] . Under pathological conditions, BH4 levels are reduced and dihydro-
biopterin (BH2) levels are increased; eNOS becomes dysfunctional and produces superoxide rather 
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than NO. As for NADPH oxidase, its inhibition is of particular relevance to diabetes since increased 
glucose levels have been reported to increase NADPH oxidase activity, leading to increased ROS 
production  [  77,   78  ] . Flavonoids in chocolate could also improve NO bioavailability by modulating the 
activity of arginase, an enzyme in the urea cycle. Here, (−)-epicatechin and its metabolites have been 
shown to lower arginase-2 mRNA expression and activity in human endothelial cells in vitro  [  79  ] . 

 In vivo studies have now been published to investigate effects of cocoa and PRC on endothelium 
function. In a short-term study  [  39  ] , consumption of 100 mL of a  fl avanol-rich cocoa (containing 
176 mg  fl avan-3-ols) drink by patients with at least one cardiovascular risk factor (hypertension, 
hyperlipidemia, or diabetes) for 2 consecutive days increased  fl ow-mediated dilation maximally after 
2 h of consumption. Another study produced vasodilation and improved vasodilator response to isch-
emia in  fi nger arteries after 5 days  [  37  ] . Similar observations were reported in smokers following 
consumption of 100 mL of a cocoa drink  [  59  ] . Acute consumption of 100 g of chocolate has also been 
shown to increase both resting and hyperemic brachial artery diameter in healthy subjects  [  80  ] . 
Schroeter et al.  [  10  ]  identi fi ed (−)-epicatechin and its metabolite epicatechin-7-O-glucuronide as 
independent predictors of vascular effects of  fl avanol-rich cocoa and their effect on NO. Chocolate 
containing 500 mg polyphenols for 2 weeks in patients with essential hypertension  [  20,   80  ]  produced 
a similar effect and improvements in  fl ow-mediated dilation. This suggested that the PRC effect on 
endothelium function could be sustained with regular consumption of  fl avonoid-rich products and 
that desensitization does not seem to occur. This hypothesis was substantiated by other studies in 
hypercholesterolemic women  [  66,   81  ] . Recently, sugar-free cocoa has been shown to ameliorate  fl ow-
mediated dilation to a better extent than sugared cocoa  [  32  ] . This  fi nding is particularly relevant to 
diabetic patients, as increased glucose levels promote ROS production and reduced NO bioavailabil-
ity. Reducing the sugar content of the cocoa beverage could thus augment the improvement in 
endothelium function seen after acute and chronic consumption of cocoa in medicated diabetic 
patients.  

   Chocolate, Atherosclerosis, and Lipid Pro fi le 

 Polyphenol-rich chocolate improves blood lipid pro fi le by increasing HDL (good) cholesterol and 
lowering LDL (bad) cholesterol and its susceptibility to oxidation, apparently by increasing plasma 
antioxidant capacity and decreasing ROS formation  [  82–  84  ] . Consumption of 22 g cocoa or 16 g 
PRC, containing 446 mg procyanidins, for 4 weeks by healthy subjects has been shown to increase 
total antioxidant capacity and lead to an 8% increase in LDL oxidation lag time  [  84  ] . Prolongation of 
LDL oxidation lag time and improvements in lipid pro fi le have also been reported by other studies 
 [  21,   85,   86  ]  with reported reduction in LDL cholesterol of 11–15%  [  26,   87  ] . Jalil et al.  [  27  ]  attributed 
these effects to the potential ability of polyphenols to inhibit pancreatic lipase, promote cholesterol 
excretion in feces, and reduce hepatic lipid accumulation through activation of adenosine monophos-
phate (AMP)-activated protein kinase, attenuation of hepatic secretion of apolipoprotein-B100, and 
stimulation of hepatic LDL receptors expressions. However, Vinson et al.  [  88  ]  demonstrated that 
while cocoa polyphenols prolong lag time of LDL + VLDL oxidation, cocoa butter decreases it, result-
ing in increased LDL oxidation. This was thought to be due to the high content of fatty acids in cocoa 
butter, rendering it atherogenic. Recently, Mellor et al.  [  89  ]  have reported that high-cocoa polyphenol-
rich chocolate improves HDL cholesterol in type 2 diabetes patients. The study has been well planned 
and controlled (double-blind crossover); however, the number of participants was too small (n = 12). 
Two groups of type 2 diabetic patients on stable medication were randomly selected. One group was 
given 45 g of 85% dark chocolate for 8 weeks, and the second group was given a placebo that was the 
same color but contained no cocoa solids. None of the participants gained weight, despite eating 45 g 
of chocolate per day, and the HDL cholesterol increased signi fi cantly with dark chocolate compared 
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to the placebo. There was also a decrease in the total cholesterol/HDL ratio in the dark chocolate 
group. The researchers concluded that consumption of dark chocolate in moderation is not harmful to 
diabetics and may actually offer some bene fi ts. 

 Consumption of cocoa results in reduced atherosclerotic lesion size in animal models of atheroscle-
rosis and is reported to reduce wall thickness and cholesterol content of aorta, although the change in 
the latter was not signi fi cant  [  90  ] . Acute reduction in F2-isoprostane levels, a measure of lipid peroxi-
dation, has also been reported following ingestion of cocoa  [  91  ] . Another study  [  86  ]  found a negative 
correlation between plasma concentrations of HDL, but not LDL cholesterol, and oxidized LDL, 
 suggesting that HDL could in fl uence LDL oxidation through inhibition of monocyte chemotaxis, 
breakdown of lipid peroxide via paraoxonase, reverse cholesterol transporter via lecithin-cholesterol 
transferase, and inhibition of vascular endothelium activation via apolipoprotein A1. It is important to 
note also that some studies failed to report any signi fi cant change in lipid pro fi le following chocolate 
intake  [  19,   25,   83,   92  ] . 

 Cocoa polyphenols could prevent atherosclerosis development without signi fi cantly altering lipid 
pro fi le. Kurosawa et al.  [  90  ]  demonstrated that cocoa increased resistance against LDL oxidation and 
decreased TBARS (an oxidative stress marker) signi fi cantly at the end of the  fi rst 2 and 3 months of 
the 6-month trial without signi fi cantly altering plasma cholesterol, TG, or phospholipids. This has led 
to decreased foam cell formation and reduction in the area of atherosclerotic lesion following cocoa 
consumption. Cocoa is also rich in  fi ber. Cocoa  fi ber obtained from cocoa husks was found to coun-
teract the effects of lipid-rich diet by preventing fat-induced decline in HDL cholesterol and fat-
induced rise in total cholesterol (TC), LDL cholesterol, and lipid peroxidation  [  93  ] . Therefore, 
polyphenol-rich chocolate seems to be effective in improving the atherosclerotic cholesterol pro fi le in 
patients with diabetes by increasing HDL cholesterol and improving the cholesterol/HDL ratio with-
out affecting weight.  

   Chocolate and Glucocorticoid Hormones 

 Cortisol can play a critical role in controlling short-term and long-term glucose metabolism as well as 
regulating other in fl ammatory cytokines and adipokines  [  94  ] . In vitro, cortisol has been shown to 
reduce adipose tissue IL-6 release  [  95  ] , diminish adiponectin gene expression  [  96  ]  and secretion, and 
in conjunction with insulin, stimulate leptin release from adipocytes  [  97  ] . Similar changes in circulat-
ing adiponectin levels have also been reported in vivo with endogenous cortisol overproduction or 
exogenous cortisol administration  [  94  ] . Cortisol is also known to inhibit TNF- a  release from mac-
rophages  [  98  ] , which is overexpressed in adipose tissue of obese insulin-resistant subjects and is 
associated, alongside other in fl ammatory mediators, with enhanced adipose tissue in fl ammation  [  99  ] . 

 Polyphenols could in fl uence cortisol and corticosteroid metabolism in several ways. For instance, 
ingestion of licorice and grapefruit juice polyphenols has been reported to increase plasma cortisol 
causing severe hypokalemia and hypertension  [  100  ] . Moderate intake of licorice was found to increase 
salivary cortisol and reduce cortisone  [  101  ]  without in fl uencing blood pressure. Similarly, drinking 
grapefruit juice, rich in the  fl avonoids naringenin, quercetin, and hesperetin, has been shown to 
decrease urinary cortisone/cortisol ratio  [  102,   103  ] . These effects occur through inhibition of 11 
(beta) b  hydroxysteroid dehydrogenase (11 b HSD2)  [  104,   105  ] . In contrast, extracts of freshly ground 
roasted  Coffea arabica  have been shown to inhibit 11 b HSD1 activity and to prevent glucocorticoid-
receptor translocation, glucocorticoid-induced expression of PEP-CK, and gluconeogenesis  [  106  ] , an 
antidiabetic action of coffee. Recently, the composition of dietary macronutrients has been shown to 
produce both acute and chronic effects on cortisol metabolism  [  107,   108  ] . In fact, consumption of 
dietary fat or high-fat low-carbohydrate diets has been found to replicate the changes in cortisol 
metabolism and 11 b HSD1 activity that are seen in obesity and the metabolic syndrome  [  109–  111  ] .  
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   Chocolate and In fl ammatory Markers 

 Type 2 diabetes mellitus (DM) and insulin resistance are now well known to be in fl uenced by in fl ammation 
that is provoked by immune cells called macrophages, which lead to disturbance of various pro-
in fl ammatory markers (e.g., C-reactive protein and TNF- a )  [  99  ] . Chocolate has anti-in fl ammatory 
effects by inhibiting the lipoxygenase pathway, and cocoa polyphenols have been shown to decrease 
in fl ammation via several mechanisms  [  112,   113  ] , namely, inhibition of mitogen-induced activation of T 
cells, polyclonal activation of B cells, reduced expression of interleukin-2 messenger RNA, and reduced 
secretion of IL-2 by T cells; all of these are in fl ammatory markers. Other studies have also found that 
chocolate procyanidins can modulate a variety of other cytokines (e.g., IL-5, TNF- a , TGF- b ), reducing 
their in fl ammatory effects  [  114–  118  ] . Recently, a signi fi cant association between in fl ammation and 
moderate consumption of cocoa products was found in a study comparing subjects that ate chocolate 
regularly in the form of dark chocolate (n = 824) with subjects that did not eat chocolate for at least 1 
year (n = 1,317). Serum C-reactive protein concentration in the subgroup that had up to one serving (20 g 
of cocoa) every 3 days was signi fi cantly lower than in both nonconsumers and subjects having higher 
consumption  [  119  ] .  

   Summary 

 Diabetes type 2 is generally characterized by hyperglycemia, insulin resistance (reduced insulin sen-
sitivity), and obesity. Obesity is associated with not only diabetes but also hyperlipidemia and hyper-
tension. Coexistence of these diseases is known as metabolic syndrome, a high-risk factor for 
cardiovascular disease. Insulin resistance is considered a key feature of these diseases and is de fi ned 
as a state requiring more insulin in order to obtain the biological effects achieved with a lower insulin 
level in the normal state. This metabolic abnormality is induced by obesity, especially increased vis-
ceral fat, via the enhancement of in fl ammation and hypoadiponectinemia. Adiponectin is an adipocy-
tokine speci fi cally and abundantly expressed in adipose tissue that directly sensitizes to insulin, and 
its level is inversely correlated to the percentage of body fat in adults. Treatment with thiazolidine 
derivatives, one type of antidiabetic drug, ameliorates insulin resistance and increases serum adi-
ponectin level in type 2 diabetic patients with hypoadiponectinemia. Therefore, improvement of insu-
lin resistance and adiponectin levels is expected to be an effective therapeutic strategy for the 
improvement and/or prevention of diabetes as well as metabolic syndrome. 

 Polyphenol-rich chocolate has the potential to be included in the diet of individuals with non-
insulin-dependent type 2 diabetes as part of a balanced approach to diet and lifestyle, with a potential 
reduction in cardiovascular risk and without detrimental effects on weight or glycemic control. Mellor 
et al.  [  89  ]  reported an improvement in atherosclerotic cholesterol pro fi le in patients with type 2 dia-
betes by increasing HDL cholesterol and improving the cholesterol/HDL ratio following PRC intake. 
The mechanism of action remains unclear; however, it has been suggested that phenolics may have 
either an insulin-sensitizing effect  [  19  ]  or there is reduced in fl ammation independent of insulin action 
 [  82  ]  through reduced lipid peroxidation. 

 Recent studies have investigated the potential of  fl avanol-rich cocoa and chocolate to in fl uence 
vascular health. Epicatechin and its metabolite, epicatechin-7- O -glucuronide, have been identi fi ed as 
independent predictors of some of the vascular effects associated with the consumption of a  fl avanol-
rich chocolate. In addition, polyphenol-rich dark chocolate not only reduced blood pressure and 
improved lipid pro fi le and endothelial function but also ameliorated insulin sensitivity and (beta) b -
cell function  [  21  ] . Therefore, targeted dietary and nutrition supplements that can in fl uence disease 
risk factors would probably be bene fi cial in the prevention and treatment of type 2 DM. However, 
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knowing the scarcity of studies on diabetics and that type 2 diabetics tend to be obese, caution must 
be considered when recommending cocoa or chocolate to such patients. 

 Evidence suggesting a potential role of diet in regulating glucocorticoid metabolism and the ability 
of polyphenols to both adversely and positively affect cortisol metabolism, investigating the effect of 
chocolate polyphenols on cortisol metabolism in overweight and obese individuals, and assessing the 
association between cortisol, glucose, insulin, and blood pressure and lipid pro fi le might be essential 
in elucidating the mechanisms by which these phenolic compounds in fl uence the above metabolic 
parameters. It has also been observed that the hypotensive effect of cocoa might be mediated through 
increasing nitric oxide levels. Cocoa  fl avanols have been shown to increase nitric oxide production by 
cultured human vascular endothelial cells and improve endothelium-dependent vasorelaxation in bra-
chial arteries of healthy humans  [  92  ] . The renin-angiotensin-aldosterone system is known to be an 
important regulator of blood pressure homeostasis. In vivo inhibition of angiotensin converting 
enzyme in humans following ingestion of polyphenol-rich pomegranate juice has been reported, pro-
viding further evidence for the need to investigate potential modulation of angiotensin converting 
enzyme activity by polyphenols. 

 Finally, over the past 10 years, studies have demonstrated that moderate PRC or dark chocolate 
consumption may exert protective effects against the development of type 2 DM risk factors and car-
diovascular disease. Several mechanisms have been proposed to explain this positive in fl uence not 
only on insulin sensitivity and vascular endothelial function but also metabolic (fat and carbohydrate), 
antihypertensive, antithrombotic, and anti-in fl ammatory effects, including changes in oxidant defense 
mechanisms, cytokine production, and platelet function. Nevertheless, due to several limitations of 
the data available, future studies should provide information about type of chocolate used, its poly-
phenol content, especially  fl avanols, and the  fl avanol plasma levels achieved. Furthermore, they have 
to consider other potentially active substances present in cocoa (e.g., potassium, magnesium, and 
theobromine) that were not discussed in this chapter.      
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    Chapter 26   
 Chocolate and Cancer Prevention?       

        Gertraud   Maskarinec           

 Key Points 

    Given the many ways that  fl avanols interact with cells and tissues, catechins and procyanidins in • 
cocoa products may contribute to cancer prevention.  
  Experimental studies in cell lines and animal models indicate that cocoa products and their active • 
ingredients in fl uence pathways with anticarcinogenic properties. They have the ability to lower 
oxidative stress and chronic in fl ammation, inhibit cell proliferation, and modify gut microbiota.  
  Doses of catechins and procyanidins in experimental settings are often much higher than can be • 
achieved in humans.  
  Human intervention studies have reported favorable changes in biomarkers assessing antioxidant • 
status, in fl ammatory markers, and intestinal microbiota.  
  The sparse epidemiologic literature offers weak support for a reduction in cancer incidence and • 
mortality related to high  fl avanol intake from all sources, but the evidence for cocoa products is 
inconclusive. Colorectal cancer has received the most attention of all cancer sites.  
  Dietary assessment methods and nutritional databases face many challenges in accurately measur-• 
ing intake of cocoa products and their  fl avanol content.  
  For future epidemiologic studies related to cocoa and chocolate products, valid dietary assessment • 
methods that capture the large variety of chocolate and cocoa products as well as other  fl avanol-
containing foods are needed.  
  The relative intake of  fl avanols from cocoa and chocolate products may be too small to detect their • 
distinct cancer-protective effect in population-based studies with diverse nutritional habits and a 
wide range of risk factors for cancer.    
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    Introduction 

 Chocolate has properties of food and drugs, as can be seen from its medicinal use by Olmecs, Mayans, 
Aztecs, and Europeans  [  1,   2  ] . In recent times, studies of cocoa products have reported bene fi cial 
effects in terms of risk for cardiovascular disease, particularly hypertension and hyperlipidemia  [  3–  5  ] . 
As described elsewhere in this book, cocoa contains large amounts of polyphenolic compounds, 
 fl avanols (also called  fl avan-3-ols), primarily catechins, as well as procyanidins, polymeric condensa-
tion products (dimers to decamers) of catechins. These are formed during fermentation  [  6  ] , an oxida-
tive process that causes the dark color and determines the  fl avor of cocoa products  [  7  ] . In natural 
cocoa powders, the respective concentrations of catechins and procyanidins were reported as 2.9 and 
41 mg/g, respectively  [  8,   9  ] . Although experimental studies using procyanidins from cocoa are lim-
ited, abundant research on these compounds from other sources (e.g., grapes and red wine) has 
identi fi ed biologic mechanisms that may lead to bene fi cial health effects. Other constituents of cocoa 
products (e.g., theobromine) have also been researched  [  10  ] , but to a lesser degree, and will not be 
considered in this chapter. 

 One of the functions of  fl avanols is protection against oxidative stress due to their reducing ability 
 [  11  ] ; a particularly strong antioxidant capacity (AOC) has been demonstrated for procyanidins  [  8,   12  ] . 
Although there is growing epidemiologic evidence for potential cancer-protective effects of other 
 fl avonoids, such as found in green tea and soy beans  [  13–  16  ] , similar investigations for cocoa prod-
ucts are more limited. This chapter will take three approaches to consider the case for a cancer- 
protective effect of cocoa products. First, potential biologic mechanisms, how polyphenolic compounds 
contained in cocoa and chocolate may protect against cancer, will be presented. Second, the limited 
epidemiologic literature examining the association between chocolate intake and cancer risk will be 
summarized. This will include analogous investigations of other foods that are rich in  fl avanols and 
procyanidins. Third, dietary assessment methods will be described, and methodological issues that 
need to be addressed to perform better epidemiologic studies in the future will be discussed.  

   Potential Cancer-Protective Mechanisms 

 As abundant research on polyphenolic compounds from grapes and red wine indicates, polyphenols 
exert many biologic actions that may lower cancer risk. To name a few, stimulation of the immune 
system, modulation of enzyme activity related to detoxi fi cation, regulation of hormone metabolism, 
cell cycle arrest in tumor cells, apoptosis, and reduction in cell proliferation may all contribute to 
bene fi cial health effects  [  17–  20  ] . For this chapter, the focus will be on the four more commonly 
researched mechanisms of action in cocoa products: antioxidant activity, anti-in fl ammatory effects, 
inhibition of cell proliferation, and direct effects in the gut  [  2,   19,   20  ] . The following sections present 
examples of experimental studies and short-term trials with cocoa products in human studies that 
illustrate the four mechanisms. 

   Antioxidative Activity 

 Due to their chemical structure, polyphenols are able to capture reactive oxygen species (ROS) that 
are produced as part of in fl ammatory and endogenous processes and play a role in carcinogenesis  [  21, 
  22  ] . A strong correlation between procyanidin content of cocoa products and its AOC was demon-
strated using oxygen radical absorbance capacity (ORAC) assays  [  8  ] . For example, natural cocoa 
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powders contained the highest levels of AOC, unsweetened chocolates and chocolate liquor were 
intermediate, while milk chocolates had the lowest concentration of AOC. One serving of cocoa (5 g) 
or chocolate (15 or 40 g, depending upon the type of chocolate) provides AOC amounts that exceed 
the amount in many commonly consumed foods  [  8  ] . 

 Several experimental studies have looked speci fi cally at the antioxidative actions of compounds 
derived from cocoa. Phenolics from cacao liquor extracts showed inhibitory effects on lipid peroxida-
tion in microsomes and on the autoxidation of linoleic acid. These effects were attributed to the radi-
cal-scavenging activity in the peroxidation chain reactions  [  23  ] . In a functional genome analysis of 
Caco-2 cells, a human colon adenocarcinoma cell line, treatment with polyphenolic cocoa extract 
modi fi ed the expression of several genes involved in the cellular response to oxidative stress  [  24  ] . The 
ability of dimer and trimer procyanidins isolated from cocoa to inhibit lipid peroxidation was demon-
strated through their interaction with membrane phospholipids in liposomes  [  25  ] . It appears that the 
procyanidins are able to provide protection against oxidation through this mechanism. In a different 
research approach, fecal free radical production was lowered as a result of administering chocolate 
that had a high procyanidin content  [  26  ] . In a murine lymphoma model, the albumin fraction of semi-
fermented dry cacao showed free radical scavenging capacity  [  27  ] . The authors suggested that cacao 
seeds may be considered a source of potential antitumor peptides. In a human feeding study, dose–
response increases in the plasma AOC and decreases in plasma lipid oxidation products were observed 
2 h after the ingestion of a procyanidin-rich chocolate containing 5.3 mg total procyanidin/g, suggest-
ing that epicatechin may contribute to the ability of plasma to scavenge free radicals and to inhibit 
lipid peroxidation  [  28  ] . 

 As a result of the relatively low levels of  fl avanols in body  fl uids, as compared to concentrations in 
experimental studies, it is more dif fi cult to demonstrate antioxidant effects in human interventions. 
The nutritional interventions varied between chocolate (6–105 g/day), cocoa drinks (100–300 mL per 
day), and  fl avanol tablets (234 mg per day) and lasted between 1 day and 18 weeks. Oxidative stress 
was assessed either as the concentration of lipid peroxidation products: malondialdehyde (MDA), an 
end product of peroxidation  [  22  ] , plasma thiobarbituric acid-reactive substances (TBARS), and F 

2
  

isoprostanes  [  29  ] ; as AOC using ORAC, total peroxyl radical-trapping antioxidant potential (TRAP), 
trolox equivalents (TEAC), or ferric-reducing ability (FRAP)  [  21  ] ; or as a susceptibility of body  fl uids 
to ex vivo oxidation  [  21  ]  (e.g., resistance of low-density lipoprotein [LDL] to oxidation or increase in 
lag time)  [  30  ] . In eleven studies that assessed AOC,  fi ve used the TEAC, three the TRAP, two the 
ORAC, and one the FRAP method. Four studies showed an increase in AOC  [  28,   31–  33  ] , but seven 
did not  [  34–  40  ] . TBARS decreased in two interventions  [  28,   31  ] , but not in another one  [  35  ] . MDA 
decreased in two studies  [  37,   39  ]  and not in another one  [  40  ] . Isoprostanes were reduced only in one 
study  [  37  ] , but not in six other investigations  [  28,   33,   34,   36,   38,   41  ] . The LDL oxidation lag increased 
in two studies  [  32,   34  ]  and decreased in one study  [  38  ] , but no change was observed in another trial 
 [  36  ] . As a recent review of 19 trials concluded  [  42  ] , total plasma AOC, as well as most markers of 
oxidative stress, was not in fl uenced by short-term trials with cocoa products. It appeared that low-
density lipoprotein oxidation ex vivo and in vivo decreased, but this may have been due to a direct 
bene fi cial effect of cocoa  fl avanols on lipid and protein oxidation.  

   Anti-in fl ammatory Effects 

 Given the increasing evidence for a role of chronic in fl ammation in cancer development  [  43–  48  ] , in 
particular for colorectal cancer  [  49  ] , polyphenolic agents may be cancer protective through that route. 
Markers of in fl ammation, such as C-reactive protein (CRP), interleukins (IL), tumor necrosis factor 
(TNF)- a  (alpha), and cytotoxic activity of peripheral-blood lymphocytes, have been used in experi-
mental studies and associated with cancer risk in prospective studies  [  48–  50  ] . In a cross-sectional 
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design within a large Italian cohort, the levels of CRP were compared between 1,317 subjects with no 
chocolate intake and 824 subjects who ate dark chocolate regularly with a mean of 5.7 g (range 0.7–
20 g) per day  [  51  ] . Even after adjustment for confounders, serum CRP concentrations remained 
signi fi cantly lower in chocolate consumers (1.10 mg/L) than nonconsumers (1.32 mg/L). In a J-shaped 
distribution, the lowest CRP concentrations were observed in consumers of up to 1 serving (20 g) of 
dark chocolate every 3 days. In the same report, chocolate consumers also had a signi fi cantly lower 
mean body mass index than nonconsumers. 

 Nutritional interventions with in fl ammatory biomarkers as end point reveal con fl icting results. In 
a trial of 42 patients at high risk of cardiovascular disease, the results suggested a positive in fl uence 
of cocoa polyphenols on the modulation of in fl ammatory mediators, including IL-6 and CRP, 
P-selectin, and intercellular adhesion molecule-1 (ICAM-I)  [  52  ] . Three studies measured CRP and 
observed no change during the interventions  [  34,   53,   54  ] . Neither were the levels of the cytokines IL6, 
IL1 b , and TNF- a  modi fi ed during 6 weeks of intervention with cocoa and dark chocolate  [  34  ] . An 
intervention with 40-g cocoa powder in 500 mL of skim milk for 4 weeks positively in fl uenced a 
combination of circulating in fl ammatory markers among 42 volunteers  [  52  ] . A recent trial in healthy 
volunteers tested the effect of cocoa-derived  fl avanols in a randomized crossover study with 494-mg 
cocoa  fl avanols per day during the high-cocoa  fl avanol period and 23-mg cocoa  fl avanols in the low-
cocoa drink  [  55  ] . Approximately 20% of the  fl avanols were monomers; the rest were dimers to decam-
ers. During the high-cocoa  fl avanol, plasma catechin levels increased to 73 nmol/L, while CRP 
decreased signi fi cantly from 0.27 to 0.19 mg/mL.  

   Antiproliferative Action 

 Accumulating research favors more anticarcinogenic functions of polyphenols in general  [  17,   56,   57  ]  
and cocoa ingredients in particular  [  58–  60  ] . For example, in experiments with liver cells, phenolic-
rich extracts of unroasted and roasted cocoa prevented drug-induced cytotoxicity possibly by induc-
ing autophagy  [  61  ] . Potential bene fi cial effects for cells overexpressing Erb-B2 such as in certain 
neoplasias were suggested in an experiment, in which procyanidins from cocoa lowered the expres-
sion of this gene  [  62  ] . A pentameric procyanidin from cocoa inhibited the growth of human breast 
cancer cells  [  58  ] . Similarly, cocoa polyphenols extracts had an antiproliferative effect on prostate 
cancer cell growth, but not on normal cells  [  63  ] . Lower pancreatic carcinogenesis was demonstrated 
in rats with cacao liquor that inhibited in vitro mutagenicity of a carcinogen, as well as rat pancreatic 
carcinogenesis in the initiation stage  [  60  ] . The same investigators also published results showing that 
cocoa liquor exerts chemopreventive effects in the lung without any promoting in fl uence in other 
major organs  [  59  ] .  

   Direct Effects in the Gut 

 Because procyanidins do not appear to be degraded in the stomach, they may also interact directly with 
the gut mucosa or the gut microbiota  [  2,   55,   64  ] . For example, the gut microbiota in rats was modi fi ed 
by the administration of procyanidins demonstrating the possibility that these compounds alter the 
composition of intestinal bacteria  [  65  ] . In a study with healthy volunteers described above  [  55  ] , a 
change in gut microbiota composition was observed in addition to the increase in plasma catechin 
levels and the decrease in CRP during the high-cocoa  fl avanol period. The bi fi dobacterial and lactoba-
cilli populations increased, while the clostridia counts decreased. These observations are important in 
the context of recent evidence that different bi fi dobacteria and other gut microbiota may play a role in 
the development of gastrointestinal and other cancers  [  66,   67  ]  (e.g., by affecting the renewal of gut 



35926 Chocolate and Cancer Prevention?

epithelial cells or by altering cancer risk in other tissues through pathways such as nutrient harvesting, 
metabolism of xenobiotics, and the immune system)  [  68  ] .   

   Epidemiologic Studies 

   Estimation of Intake 

 Several newly developed databases  [  9,   69,   70  ]  have made it possible to assess regular intake of 
 fl avanols across individuals and populations. The consumption of cocoa products varies widely across 
populations. In the European Prospective Investigation into Cancer and Nutrition (EPIC), the mean 
intake of chocolate was reported as 6–7 g per day, with the highest intake of 10 g (for women) and 
12 g (for men) in Great Britain and the lowest intake in Greece and Italy  [  71  ] . A cross-sectional inves-
tigation in the Netherlands showed that chocolate consumption contributed 20% of daily catechin 
intake in children (5 mg), 6% in adults (3 mg), and 3% in the elderly (2 mg)  [  72  ] . For the Spanish diet, 
the mean daily intake of cocoa products was estimated at 8.6 g, accounting for 10% of the total AOC 
of daily intake  [  73  ] . In an Italian population, the investigators estimated that 13–14% of procyanidins 
were obtained from chocolate products  [  74  ] . Based on national survey data in the United States, the 
mean intake of procyanidins was estimated at 58 mg per day or more with 18% of total procyanidin 
intake from chocolate; apples and grapes were the other major sources  [  75  ] . Among 1,500 healthy 
women in the Long Island Study  [  76  ] , daily  fl avanol intake was estimated at 174 mg with tea, choco-
late, cherries, and apples as the major sources. However, the high intake has to be considered in light 
of the relatively low bioavailability of these compounds; catechins and especially their polymers are 
poorly absorbed and rapidly eliminated  [  77,   78  ] . In comparison to genistein, the  fl avonoid with the 
highest bioavailability, only 2–8% of monomeric  fl avanols are bioavailable  [  79  ] .  

   Comparison of Populations 

 After noting, in 1944, the low blood pressure among Kuna Indians in Panama who consume 900 mg 
of  fl avanols in cocoa drinks every day  [  80  ] , causes of deaths for Kuna Indians living in the San Blas 
islands were compared with the population in mainland Panama who did not consume cocoa drinks. 
Lower mortality rates for cancer and other chronic diseases were found among islanders than in main-
land Panama, but possible confounding by other lifestyle factors was not considered  [  81  ] . The poten-
tial adverse effects of cocoa on testicular cancer were investigated in an ecologic study. The research 
was based on the hypothesis that chocolate may disturb the hormonal equilibrium in utero and predis-
pose the fetus to hypospadia, a risk factor for testicular cancer  [  82  ] . Using data on per capita con-
sumption of cocoa and the prevalence of hypospadia for each country, the researchers found a greater 
than twofold increase in cocoa intake during 1961 and 2008 and a strong correlation with hypospadias 
in 20 countries (r = 0.76) and with testicular cancer incidence for 18 countries (r = 0.86). However, no 
information on confounders or on individual-level associations was available.  

   Case-Control Studies 

 A number of case-control studies speci fi cally investigated chocolate and cocoa intake in relation to 
cancer  [  15  ]  In addition, some studies explored  fl avanol-containing foods as a group and showed 
reduced risks for several cancers with higher catechin and procyanidin intake  [  15,   83,   84  ] , but they did 
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not always specify the nutritional source for these compounds. In a 2005 review of seven prospective 
and four case-control studies on catechins  [  15  ] , suggestive  fi ndings were only observed for lung and 
colorectal cancer in prospective studies, but no signi fi cant associations were observed for the case-
control studies. In the small body of literature, adenomas and colorectal cancer are the most com-
monly studied outcomes. A study in North Carolina observed a nonsigni fi cantly lower prevalence of 
adenomatous polyps that showed a dose–response relation associated with the consumption of choco-
late candy  [  85  ] . A protective effect of  fl avanols not speci fi cally from cocoa products was observed in 
a Scottish case-control study  [  86  ] . Colorectal cancer risk was reduced by 26% for epicatechin (p = 0.02) 
and by 22% for procyanidins (p = 0.03). A high chocolate dietary pattern, identi fi ed through cluster 
analysis in a French study, showed no signi fi cant association with any stage of colorectal disease rang-
ing from polyps to adenomas and colorectal cancer  [  87  ] . In an earlier report from the same study, 
chocolate was identi fi ed as a risk factor for colorectal cancer  [  88  ] . No effect of a chocolate–cereal 
dietary pattern on breast and colorectal cancer was found in a Canadian study  [  89  ] . In a series of case-
control studies from Italy that investigated a variety of  fl avonoids  [  74  ] , procyanidins were associated 
with a lower colorectal cancer risk; interestingly, the protection was stronger for procyanidins with a 
higher degree of polymerization. The OR for the highest versus the lowest quintile of intake was 0.82 
for monomers and dimers combined, 0.88 for monomers, 0.75 for dimers, 0.74 for all polymers with 
three or more mers, 0.84 for trimers, 0.80 for 4–6 mers, 0.79 for 7–10 mers, 0.69 for more than 
10 mers, and 0.74 for total procyanidins  [  90  ] . The protective effect was also stronger for rectal than 
colon cancer. The authors proposed that, given their poor absorption rate of procyanidins, they may 
exert a local effect in the colon and rectum. 

 A few studies have been published on other cancer sites. An investigation of pancreatic cancer 
reported an elevated risk for chocolate candy, in particular among men with an OR of 2.4 for those 
who reported at least one serving per day  [  91  ] . The authors suggested that the saturated fat and/or 
sugar content of the candies may be responsible for this association. In the Italian net of studies, stom-
ach cancer risk was lower with higher intake of procyanidins  [  92  ] ; the risk estimates were 0.44 for 
monomers and dimers and 0.36 for trimers and higher. Higher epicatechin, anthocyanidin, and pro-
cyanidin intakes were protective against non-Hodgkin lymphoma (NHL) in a cancer registry-based 
case-control study  [  83  ] . In one Italian study, no signi fi cant relation of ovarian cancer with  fl avanols 
was detected  [  93  ] .  

   Cohort Studies 

 Four prospective cohorts included questions on cocoa and chocolate as part of their nutritional assess-
ment procedures and reported mortality and/or cancer outcomes: the Zutphen Elderly Study from the 
Netherlands,  [  94  ]  the Iowa Women’s Study  [  95  ] , the Harvard Alumni Study  [  96  ] , and the Leisure 
World Cohort Study  [  97  ] . 

 The Zutphen Elderly Study is a prospective cohort study of 806 men ages 65–84 years at baseline 
 [  98  ] . Based on the measurement of 6 catechins in 120 foods, the mean catechin intake at cohort entry 
was estimated at 72 ± 47.8 mg. Chocolate contributed 3% of the total catechin intake, tea 87%, and 
apples 8%. After 15 years of follow-up, the adjusted relative risk for overall mortality among men in 
the highest tertile (>2.5 g per day) was 0.53 when compared to the lowest tertile (<0.5 g per day) of 
cocoa intake  [  99  ] . After 10 years of follow-up, 96 incident epithelial cancers were recorded, including 
42 cases of lung cancer  [  94  ] . Overall catechin intake was not associated with epithelial cancer or lung 
cancer after adjustment for confounders. However, catechins from chocolate were nonsigni fi cantly 
inversely associated with lung cancer incidence and all epithelial cancers; the respective risk estimates 
were 0.76 (95% CI 0.29–2.02) and 0.89 (95% CI 0.45–1.80). 
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 In the Iowa Women’s Study, mean intake of catechins was 25 ± 32 mg/day at baseline  [  95  ] . Tea con-
tributed 56% of catechins, apples and pears 26%, but the percentage derived from chocolate was not 
reported separately  [  100  ] . The association with cardiovascular mortality was close to signi fi cance 
(p = 0.06) with a risk estimate of 0.92 (95% CI 0.84–1.00) for chocolate consumers compared to non-
consumers. Although catechin intake from tea was weakly protective against rectal cancer among 
women in this cohort, no separate risk estimates were shown for chocolate  [  95  ] . A more recent analysis 
of the Iowa Women’s Study found no association of chocolate consumption with non-Hodgkin lym-
phoma although total procyanidin intake was protective with a 30% lower for the highest category  [  101  ] . 
For speci fi c foods, the lower risk was observed for all fruits and vegetables and for apple juice/cider. 

 Mortality, not cancer incidence, was studied in the other two investigations  [  96,   97  ] . In the Harvard 
Alumni Study, subjects who reported consuming candy 1–3 times per month had a 27% lower risk of 
mortality  [  96  ] . In the Leisure World Cohort Study  [  97  ] , the subjects with the most frequent chocolate 
consumption did not experience a reduction in mortality, but those who reported occasional chocolate 
intake had a statistically signi fi cant lower mortality by 6%.   

   Methodological Issues 

   Dietary Assessment 

 For good quality studies in nutritional epidemiology, an accurate assessment of dietary intake is 
essential. In comparison to other foods, measuring chocolate consumption poses additional chal-
lenges, for example, the sporadic and seasonal intake of cocoa products. The major issue, however, is 
the wide variety of chocolate recipes and ingredients. It is particularly important to distinguish dark 
chocolate from milk chocolate because the content of catechins and procyanidins is highest in natural 
cocoa powders (2.9–3.5 and 32–49 mg/g), followed by unsweetened chocolate (1.5–2.8 and 
9–25 mg/g), dark chocolate (0.8–1.6 and 9–10 mg/g), and milk chocolate (0.23–0.32 and 2.2–3.1 mg/g) 
 [  8  ] . Furthermore, nutritional  fl avonoid databases do not include values for the large variety of cocoa 
beans from various geographic areas processed with different methods; however, catechin and procya-
nidin contents vary due to the strong in fl uence of fermentation on  fl avanol content  [  102  ] . 

 In many of the existing food frequency questionnaires (FFQs), only one or two questions are 
directed toward chocolate products because the usual goal is to capture the entire diet  [  51,   95  ] . Some 
studies simply asked about chocolate intake as part of a lifestyle questionnaire  [  96,   97  ] . Examples of 
FFQs that collected information on cocoa products are described in more detail to illustrate how the 
wide variation in assessment methods may in fl uence the exposure information used to estimate the 
association with disease outcomes. Some of the investigations reported reliability measures that were 
comparable to those for other foods  [  91,   95  ] .

    1.    In a cross-sectional study on meal patterns, it appears that candies and chocolates were part of the 
same question  [  103  ] .  

    2.    For a set of Italian case-control studies  [  74  ] , one question on chocolate was asked in a validated 
FFQ with 78 items.  

    3.    The Iowa Women’s Study used a validated FFQ with 127 items  [  104  ]  that was based on a question-
naire developed at Harvard and contained two items related to chocolate: chocolate bars or pieces 
(e.g., Hersheys, M&M’s) and candy bars (e.g., Snickers, Milky Way, Reese’s) plus items for candy 
without chocolate and brownies. A validation study reported correlations of 0.45–0.83 between the 
FFQ and 28-day food records for chocolate-containing foods  [  95  ] .  
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    4.    In a similar approach, a San Francisco study on pancreatic cancer  [  91  ]  applied a 131-item FFQ, 
also modi fi ed from a questionnaire originally developed at Harvard. Two questions asked about 
pure chocolate candy bars or packets of candy (e.g., M&M’s and other mixed candy bars, such as 
Snickers/Milky Way/Reese’s). This FFQ reported a correlation coef fi cient of 0.41 for chocolate, as 
measured by dietary record and questionnaire.  

    5.    The EPIC study in Italy asked participants about intake of a standard dose of 20 g of chocolate 
considering type (dark, milk, nut, or any type) and frequency of intake  [  51  ] , while the EPIC ques-
tionnaire in Germany inquired how frequently 50-g chocolate bars were consumed  [  105  ] .  

    6.    The Spanish EPIC questionnaire collected nutritional data using a dietary history with around 600 
food items  [  106  ] . The list included 14 items with cocoa or chocolate: bun stuffed with chocolate, 
croissant with chocolate, chocolate biscuits, chocolate cakes, chocolate nut spread, instant cocoa 
drink, chocolate for cooking/melting, milk chocolate, white chocolate, dark chocolate, chocolate 
truf fl es, chocolate ice cream, chocolate mousse, and chocolate milkshake.  

    7.    The Dutch Zutphen cohort study estimated total intake of cocoa based on 24 cocoa-containing 
foods collected by a dietary history method  [  94,   99  ] . The reliability of intake was shown by repeated 
assessments; baseline consumption of confectionary and cocoa was signi fi cantly associated with 
intake after 5 and 10 years.      

   Nutritional Databases 

 Information on the content of catechins and procyanidins can be obtained from different databases 
that were developed during the last 10 years and are now available on the Internet  [  9,   69,   70  ] . The 
database provided by the US Department of Agriculture provides information for  fl avanols in six 
categories of products  [  69  ]  derived from six different reports  [  107–  112  ] , but does not include more 
recent analyses  [  8  ] . It appears that the estimates for catechin content are in fairly good agreement as 
long as the type of chocolate is known  [  107  ] . Measuring procyanidins poses challenges over measur-
ing catechins because of their oligomer structure  [  75  ] . A separate USDA database has combined 
levels of procyanidins in a number of foods, primarily cocoa products, fruits, and vegetables  [  70  ] . 
Baking chocolate and cocoa power had by far the highest concentration of total procyanidins with 
respective values of 1.7 and 14 mg/g  [  70  ] . More recently, a French database called Phenol-Explorer 
has compiled values for a large range of polyphenols in foods  [  9  ] .  

   Biomarkers for Exposure Assessment 

 As a tool to assess  fl avanol exposure more directly and without bias due to self-reports, epicatechin has 
been measured in body  fl uids. Intake of cocoa products and epicatechin measured in serum shows an 
excellent dose–response relation. On average, serum levels increase by 200 nmol/L for 100 mg cate-
chins from cocoa products when measured 2 h after intake, the peak time  [  77  ] . Individual studies have 
reported serum levels of 1.5  m mol/L  [  113  ] , 5  m mol/L  [  114  ] , and 6  m mol/L  [  115  ]  after respective intakes 
of approximately 100, 200, and 300 mg catechins from chocolate products. However, in contrast to 
iso fl avones, for which serum levels and urinary excretion are strongly correlated with intake  [  116, 
  117  ] , exposure to  fl avanols cannot be assessed as accurately through a biologic biomarker because of 
the lower bioavailability and the short half-life of catechins  [  77  ] . Therefore, measuring catechins in 
serum relies on short-term intake and does not provide information on long-term exposure  [  77  ] . Only 
in the case of regular and frequent consumption, catechin levels in blood and urine represent actual 
exposure, as shown by an analysis from the Shanghai Women’s Health Study that indicated a good 
correlation between urinary metabolites of catechins with self-reported green tea intake  [  118  ] .   
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   Summary 

 It is obvious that the question mark in the title of this article cannot be resolved at this time. From a 
mechanistic point of view, the  fl avanols contained in cocoa products appear to have the ability to 
lower cancer risk. However, the amounts consumed in comparison to fruits, vegetables, tea, and other 
polyphenol-containing foods are modest in most populations and may be dif fi cult to distinguish from 
one another. So far, the evidence from epidemiologic investigations is sparse and inconclusive. The 
weak support for a reduction in cancer incidence comes primarily from investigations that looked at 
exposure to  fl avanols from all sources, not just cocoa products  [  15,   74,   94,   101  ] . Some studies indicate 
adverse effects on cancer risk  [  88,   91  ] , but exposure misclassi fi cation and confounding with other 
lifestyle factors may be responsible for spurious associations. 
 Although several short-term trials have reported favorable modi fi cations in biomarkers assessing anti-
oxidant or anti-in fl ammatory effects, the small changes may be more relevant to cardiovascular dis-
ease outcomes than cancer risk. Yet, even in the context of cardiovascular disease, the relevance of 
changes in these biomarkers is not fully understood. As a thorough evaluation of the existing evidence 
concluded, the hypothesis that polyphenol-rich foods exert bene fi cial health effects through antioxi-
dant activity has not been established  [  79  ] . Nevertheless, additional nutritional interventions may be 
able to elucidate the effects of  fl avanols contained in cocoa products on speci fi c markers to examine 
their possible mechanisms of action. The ideal trials will have a well-de fi ned exposure, placebo drinks 
or foods, good compliance measures, and valid outcome biomarkers or preferably a panel of biomark-
ers  [  4,   119  ] . 

 The high concentration of procyanidins with their strong antioxidant potential is a distinctive prop-
erty of cocoa products; chocolate and apples contain more procyanidins per serving than red wine and 
cranberry juice  [  6  ] , and the AOC of cocoa products is higher than for many other foods  [  120  ] . The 
presence of these compounds may be a good reason to continue research into the cancer-protective 
effects of cocoa  [  70  ] , although their ability to be effective as antioxidants in humans may be limited 
by their low bioavailability  [  77,   79  ] . For some individuals, cocoa products constitute a larger propor-
tion of their diet than green tea, wine, or soy beans  [  12,   72,   73  ] , all of which are under investigation 
for protection against chronic conditions. For better research in the future, improved methods to 
obtain valid estimates of catechin and procyanidin intake from the large variety of foods including 
cocoa products are necessary so that the effects of sugar, fat, and energy content of chocolate products 
can be separated from the effects of  fl avanols and from those of other  fl avanol-containing foods. This 
requires improvements of FFQ and nutrient databases or the use of alternate dietary assessment meth-
ods such as dietary records. Nevertheless, the relative intake of  fl avanols from cocoa and chocolate 
products may be too small to detect their separate effect in population-based studies with a wide range 
of nutritional, behavioral, and genetic risk factors for cancer.      
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    Chapter 27   
 The Effects of Cocoa- and Chocolate-Related Products 
on Neurocognitive Functioning       

      W.   David   Crews   Jr. ,            David   W.   Harrison ,            Kim   P.   Gregory ,            Bon   Kim ,       and    Allison   B.   Darling           

 Key Points 

    To date, there appear to be only nine published studies in the scienti fi c literature that have exam-• 
ined the effects of cocoa- and chocolate-related products on neurocognitive functioning.  
  The majority (i.e., seven of nine) of the published studies that have examined the effects of cocoa- • 
and chocolate-related products on neurocognitive processes have found that the compounds are asso-
ciated with signi fi cantly improved and/or preserved aspects of cognitive functioning.  
  Increasing evidence suggests that dietary  fl avonoids and methylxanthines, such as those commonly • 
found in cocoa and chocolate products, may possess neuroprotective, neuroenhancing, and neuro-
stimulating effects.    
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    Introduction 

 In recent years, there has been increased interest in the potential health-related bene fi ts of antioxidant 
and phytochemical-rich  [  1,   2  ]  cocoa and chocolate, especially in relation to how the products may 
promote cardiovascular and cerebrovascular health and provide corresponding protective effects 
 [  3–  38  ] . In particular, cocoa- and chocolate-related products have been shown to decrease/inhibit both 
low-density lipoprotein (LDL) oxidation and total cholesterol levels  [  5–  12  ]  as well as platelet activa-
tion/function  [  5,   13–  17  ] , enhance serum lipid pro fi les  [  5,   11,   18,   19  ] , favorably modify eicosanoid 
synthesis  [  20  ] , lower blood pressure (BP)  [  5,   18,   21–  26  ] , promote endothelium-dependent relaxation/
dilation  [  5,   27–  30  ] , increase cerebral blood  fl ow  [  31–  34  ] , and inhibit free radical–induced erythrocyte 
hemolysis  [  35  ] . Studies have also suggested that cocoa  fl avanols/procyanidins may possess immuno-
regulatory effects, help to modulate immune responses, and reduce in fl ammation  [  5,   36–  38  ] . 

 Similarly, there has been growing interest in the possible neurocognitive and neuroprotective 
effects of cocoa- and chocolate-related compounds. The purpose of this chapter is to provide a review 
of the published scienti fi c literature (through May 2011) that has examined the ef fi cacy of cocoa- and 
chocolate-related products on the neurocognitive processes and functioning of both humans and labo-
ratory animals. This chapter comprises the following sections: “Human Studies,” “Animal Studies,” 
“Proposed Mechanisms of Action,” “Summary,” and “Directions for Future Research.” It should be 
noted, however, that this chapter will not include studies that have examined neurocognitive processes 
as a function of cocoa- and/or chocolate-related  fl uctuations in mood/affect, product likings, cravings, 
“addictions,” or satiety, changes evoked by the chemosensory aspects of cocoa and/or chocolate, or 
studies that have not involved the actual consumption of cocoa- and/or chocolate-related products.  

   Human Studies 

 To date, there appear to have been a total of seven published studies that have examined the effects of 
cocoa- and/or chocolate-related products on human neurocognitive functioning. 

 Smit and his associates  [  39  ]  were among the  fi rst to investigate the psychopharmacological activity 
of cocoa powder and methylxanthines found in a 50-g dark chocolate bar via two double-blind, pla-
cebo-controlled, within-subjects, repeated measures, design studies. In the  fi rst investigation, 20 par-
ticipants (mean age = 32.6 ± 11.2 years) completed a test battery consisting of a 25-item mood 
questionnaire and tasks involving simple reaction time, rapid visual information processing, and 
 manual dexterity (i.e., tapping) prior to, and at 1- and 2-h intervals after, receiving two active treatments 
consisting of identical amounts of methylxanthines contained in a 50-g bar of dark chocolate (i.e., 
11.6 g of Cadbury’s Bournville cocoa powder or 250 mg theobromine + 19 mg of caffeine) or placebo. 
Findings from this study demonstrated that the cocoa powder and methylxanthines mixture exhibited 
very similar outcome pro fi les, with strong treatment effects found for an energetic arousal mood con-
struct and on the simple reaction time task, versus placebo. On the rapid visual information processing 
task, signi fi cantly improved performances were noted with consumption of the methylxanthines, as 
compared to placebo, while a nonsigni fi cant marginal improvement was found after the ingestion of the 
cocoa powder. No signi fi cant effects were found for either treatment on the tapping task. 

 In the second study  [  39  ] , 22 participants (mean age = 35.4 ± 14.2) consumed visually identical 60-g 
portions of chocolate containing either no methylxanthines (similar to the amounts found in white 
chocolate), a low quantity of methylxanthines (i.e., 8 mg caffeine + 100 mg theobromine; similar to 
the amounts found in milk chocolate), a high quantity of methylxanthines (i.e., 20 mg caffeine + 250 mg 
theobromine; similar to the amounts found in dark chocolate), or a 60-ml water placebo. A task 
schedule similar to the  fi rst study was utilized; however, treatments were administered and consumed 
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over 30 min in four equal portions prior to beginning the next task in the treatment battery. The 
 fi ndings from this study appeared to con fi rm the results of the  fi rst study, as a signi fi cant overall treat-
ment effect was found for the energetic arousal mood construct, while high-methylxanthine chocolate 
signi fi cantly decreased reaction time on the simple reaction time task, versus the no-methylxanthines 
chocolate, and both low- and high-methylxanthine chocolate groups signi fi cantly improved their per-
formances on the rapid visual information processing task, as compared to the no-methylxanthines 
chocolate group. Similar to the  fi rst study, no signi fi cant effects were found on the tapping task. Taken 
together, Smit and his colleagues  [  39  ]  concluded that the cocoa content in dark chocolate has notable 
psychopharmacological activity (e.g., psychostimulant effects), which can be attributed to the pres-
ence of caffeine and/or theobromine. 

 Francis and colleagues  [  33  ]  examined the effect of  fl avanol-rich cocoa on the functional magnetic 
resonance imaging (fMRI) blood oxygenation level–dependent (BOLD) response to a cognitive task 
(a “task-switching” paradigm using both “switch” and “non-switch” conditions) in 16 healthy, young 
participants (18–30 years of age). Participants consumed a high- fl avanol cocoa drink (172 mg of 
 fl avanols per drink) for 5 days prior to one fMRI session and the administration of the switching task 
and a low  fl avanol cocoa beverage (13 mg of  fl avanols per drink) for 5 days prior to another fMRI 
session and switching task administration in a double-blind, counterbalanced fashion. Despite a 
signi fi cantly increased BOLD response during the cognitive task-switching paradigm after consump-
tion of the high, versus low,  fl avanol-rich cocoa drink, no signi fi cant effects were observed in partici-
pants’ behavioral reaction times, switch costs, or heart rates across treatments. The authors  [  33  ]  
hypothesized, however, that the BOLD changes may have been related to cognitive changes (e.g., 
strategy formation, cognitive effort) that were not exhibited on the standard behavioral measures that 
were utilized in the study, especially in young, healthy participants who were likely already function-
ing at a relatively high level of cognitive ability. 

 Our research group  [  40  ]  conducted the  fi rst-known clinical trial of the short-term ef fi cacy of dark 
chocolate and cocoa on variables associated with neuropsychological functioning and cardiovascular 
health in older adults. A sample of 101 healthy, cognitively intact adults, 60 years of age and older, 
were examined via a 6-week, randomized, double-blind, placebo-controlled, parallel-group design. 
Participants were randomly assigned to receive a 37-g dark chocolate bar (approximately 11 g of natu-
ral cocoa and 397.30 mg of total proanthocyanins) and one 8-oz (237 mL) cup of an arti fi cially sweet-
ened cocoa beverage (approximately 11 g of natural cocoa and 357.41 mg of total proanthocyanins) 
per day or similarly matched placebo products. To examine neurocognitive functioning, participants 
were administered a series of neuropsychological tests assessing short-term verbal and visual mem-
ory, cognitive processing speed, sequencing and  fl exibility, response speed and inhibition, sustained 
attention and concentration, visuomotor persistence, and mental energy at pretreatment baseline and 
again after 6 weeks of treatment. Cardiovascular health-related variables included measurements of 
blood pressure, pulse rate, cholesterol, triacylglycerols, C-reactive protein, and body mass that were 
obtained at pretreatment baseline and after 6 weeks of treatment. A midpoint assessment (after 
3 weeks of treatment) was also conducted for the blood pressure, pulse rate, and mental energy vari-
ables. In an effort to ensure sustained dosing, participants were requested to consume either one 
chocolate bar or 8 oz of the cocoa beverage, or a similar placebo product, 2 h before their scheduled 
assessments. The results of the clinical trial failed to support the predicted effects of short-term 
(6 weeks) dark chocolate and cocoa consumption on any of the neuropsychological or cardiovascular 
health-related variables included in the study. Consumption of dark chocolate and cocoa was, how-
ever, associated with signi fi cantly higher pulse rates at the 3- and 6-week assessments. It was specu-
lated that a diversity of factors may have contributed to the overall absence of positive  fi ndings, 
including the fact that participants appeared very healthy and cognitively intact, possessed relatively 
high mean levels of education (more than 15 years) and likely more test-taking experience that enabled 
them to optimize their neuropsychological performances, that the sample size many not have been of 
suf fi cient magnitude to detect signi fi cant group differences, that the treatment duration was too short 
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or quantity of chocolate/cocoa consumed was too low to demonstrate the hypothesized treatment 
effects, and/or that control of every aspect of participants’ diets was not attempted. 

 In a population-based, cross-sectional study of 2,031 participants (70–74 years of age), Nurk and 
colleagues  [  41  ]  investigated the relationships between habitual intake of  fl avonoid-rich chocolate, 
wine, and tea during the previous year and performance on a diversity of cognitive tests. Participants 
completed a cognitive battery consisting of six tests measuring episodic memory, cognitive process-
ing speed and sequencing abilities, perceptual speed, visuospatial skills, global cognition, and access 
to semantic memory, as well as a take-home food frequency questionnaire that assessed their habitual 
food consumption. Over the 1-year period, participants’ mean intakes for chocolate, wine, and tea 
were 3.8 g/day, 22 mL/day, and 222 mL/day, respectively. The results from the study indicated that 
participants who consumed any of the three  fl avonoid-rich products, as compared to nonconsumers, 
exhibited signi fi cantly better mean cognitive test scores and a lower prevalence of poor cognitive 
performances, with the best test scores and lowest chance of poor test performances observed in par-
ticipants who consumed all three compounds. Multivariate models that included adjustments for sex, 
education, smoking status, vitamin supplement usage, history of cardiovascular disease, diabetes, and 
total energy intake indicated that chocolate consumers, versus nonconsumers, obtained signi fi cantly 
better test scores on all measures, except on the test of visuospatial skills. Dose-dependent associa-
tions between the food products and cognition were also observed, with the maximum effect for 
chocolate noted at an intake of approximately 10 g/day. The authors noted that the true effects of 
chocolate might be even stronger than observed because the types of chocolate consumed by partici-
pants were not speci fi ed and because not all types of chocolate contain equal amounts of  fl avonoids. 
Nurk and associates  [  41  ]  also acknowledged that while the utilization of a large population-based 
sample and six different cognitive tests were study strengths, weaknesses included use of a cross-
sectional design and a volunteer sample (i.e., possible recruitment bias), potential error in the esti-
mates of nutrients, and related use of food-based analysis of population data. Furthermore, it did not 
appear that participants’ intake of cocoa, versus chocolate, was assessed or reported in the study. 

 In another randomized, double-blind, placebo-controlled, balanced, three-period crossover trial, 
Scholey and his colleagues  [  42  ]  examined the acute cognitive and subjective effects of cocoa  fl avanols 
consumption during sustained mental demand. Thirty young, healthy volunteer adults (mean age = 21.9 
years) completed six cycles of the 10-min Cognitive Demand Battery (consisting of the Serial Threes 
subtraction task, the Serial Sevens subtraction task, the Bakan Rapid Visual Information Processing 
task, and a self-rated mental fatigue visual analogue scale) 90 min after the ingestion of drinks con-
taining either 520 or 994 mg of cocoa  fl avanols or a nutrient-matched, low cocoa  fl avanols (46 mg of 
cocoa  fl avanols) control beverage, with a 3-day washout period between drinks. Participants also 
completed the State-Trait Anxiety Inventory state scale before and after consumption of each bever-
age. Findings from this study indicated that, as compared to the control beverage, intake of drinks 
containing 520 and 994 mg of cocoa  fl avanols signi fi cantly enhanced Serial Threes performances 
(purported to measure attention, concentration, and procedural learning), while consumption of the 
994-mg cocoa  fl avanols drink resulted in signi fi cantly faster Bakan Rapid Visual Information 
Processing task performances but more errors on the Serial Sevens task (purported to measure not 
only attention and concentration but also relying more on working memory and executive function-
ing). Only the 520-mg cocoa  fl avanol beverage signi fi cantly improved ratings of mental fatigue. No 
signi fi cant treatment effects were noted for any of the beverages on the number of correct Serial 
Sevens completed, on the Bakan Rapid Visual Information Processing task accuracy, or the State-
Trait Anxiety Inventory’s state anxiety scale. According to the authors  [  42  ] , the most robust and larg-
est number of effects on mood and cognition were evident for the 520-mg cocoa  fl avanols drink and 
occurred 130 min post-consumption, which appeared to correspond to peak cocoa  fl avanol and epicat-
echin levels reported in previous studies. 

 Recently, Field and his associates  [  43  ]  utilized a randomized, single-blinded, order counterbal-
anced, crossover design to investigate the effects of an acute dose of cocoa  fl avanols on visual and 
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cognitive functioning in 30 healthy adults (18–25 years of age). Participants were administered a 
series of visual (i.e., contrast sensitivity, motion coherence threshold, and motion integration time 
threshold) and cognitive (i.e., visual spatial working memory for location and choice reaction time 
tasks) tests 2 h after the consumption of either 35 g of CHOXI+ dark chocolate (containing 773 mg of 
cocoa  fl avanols, 38 mg of caffeine, and 222 mg of theobromine) or 35 g of white chocolate (containing 
only trace amounts of cocoa  fl avanols, caffeine, and theobromine). The two treatments were scheduled 
1 week apart, and the experimenters remained blind as to the types of chocolates consumed by partici-
pants. Results from the visual tests indicated that, as compared to the white chocolate control condi-
tion, the high cocoa  fl avanol treatment signi fi cantly improved visual contrast sensitivity and reduced 
the time required to detect motion direction; however, no signi fi cant effects were found on the mini-
mum proportion of coherent motion that could be detected. For the cognitive tests, the high cocoa 
 fl avanols treatment, as compared to the control, signi fi cantly enhanced visual spatial working memory 
and performance on some aspects of the choice reaction time task (i.e., during the predictable phase).  

   Animal Studies 

 To date, there appear to have been only two published studies that have examined the effects of cocoa-
related products on laboratory animals’ neurocognitive functioning. 

 Rozan and colleagues  [  44  ]  utilized 64 male Wistar/Han IGS rats to investigate the preventative 
effects of short-term administration of a cocoa polyphenolic extract (Acticoa powder) on free radicals 
produced by leucocytes after heat exposure and the extract’s protective effects on subsequent cogni-
tive impairments. Rats were randomly divided into the following four groups depending on the treat-
ment and exposure/no exposure to heat: vehicle rats without heat exposure (controls), vehicle rats 
with heat exposure, vitamin E (200 mg/kg −1 /day of  a -tocopherol, which was used as an antioxidant 
reference) with heat exposure, and Acticoa powder (22.9 mg/kg −1 /day, 36.9% total polyphenols) with 
heat exposure. The Acticoa powder, vitamin E, and vehicle were administered to the rats orally for 
14 days prior to 40°C heat, with 50% relative humidity exposure for 2 h on day 15. Blood samples 
were subsequently obtained from the rats 1 day post-heat exposure to measure free radical production 
by leucocytes, followed by a light extinction test (performed on day 18, 3 days after heat exposure) to 
assess memory and learning processes and the Morris water maze test (performed on days 20 and 21, 
5 and 6 days after heat exposure) to assess spatial learning and related long-term memory. The experi-
menters remained blinded to the treatment variables during all cognitive testing. The results revealed 
that on the day after heat exposure, free radical production by leukocytes was signi fi cantly reduced in 
the Acticoa powder- and vitamin E-treated rats, as compared to controls. Furthermore, the control 
rats, and those treated with Acticoa powder or vitamin E, unlike the vehicle rats exposed to heat, 
demonstrated signi fi cant lever discrimination on the light extinction test by pressing more often on the 
active, versus inactive, lever. On the Morris water maze test, escape latencies decreased signi fi cantly 
over trials in the control and Acticoa powder- and vitamin E-treated rats, whereas the group of vehicle 
rats exposed to heat did not. The authors  [  44  ]  noted that the daily oral administration of Acticoa pow-
der or vitamin E protected heat-exposed rats from cognitive impairments (i.e., preserved short- and 
long-term memory processes), potentially by counteracting the overproduction of free radicals and 
that the cognitive outcomes may be related to preservation of brain function as a result of reduced heat 
exposure, in fl ammatory aggression, or enhanced brain plasticity. 

 Similarly, Bisson and associates  [  45  ]  examined the effects of long-term administration of the cocoa 
polyphenolic extract, Acticoa, on cognitive functions, urinary dopamine levels, and lifespan in 18 
aged male Wistar-Unilever rats. The laboratory animals were randomly assigned to orally receive 
either Acticoa powder (24 mg/kg/day, 34.9 g of total polyphenols/100 g) or a control vehicle (spring 
water) for 12 months from the age of 15–27 months and tested via light extinction and water maze 
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paradigms both prior to receiving the treatments (i.e., at 9, 13, and 15 months of age) and again during 
treatment (i.e., at 17, 21, and 25 months of age). Urinary dopamine levels and lifespans were also 
evaluated during the study, and all of the cognitive tests were recorded by experimenters who remained 
blind to the treatments administered. On the light extinction test, rats in the Acticoa treatment group 
displayed signi fi cantly more total lever pressing activity at 17, 21, and 25 months of age and also 
signi fi cant discrimination between active and inactive levers at 17 and 21 months of age, as compared 
to controls. Results for the water maze paradigm demonstrated that while performance declined in the 
control group at 21 and 25 months of age, for the Acticoa powder treatment group, water maze per-
formance remained stable. Escape latencies were also lower for the rats treated with Acticoa powder, 
versus controls, at 21 and 25 months of age. Furthermore, the Acticoa powder was noted to preserve 
high levels of urinary free dopamine, a neurotransmitter associated with such functions as smooth 
controlled movements, attention, ef fi cient memory, and problem-solving, and to prolong the lifespans 
of rats treated with Acticoa powder, versus controls, by about 11% over the 27-month test period. 
According to the study’s authors  [  45  ] , these  fi ndings were indicative of the bene fi cial effects of the 
cocoa polyphenolic extract on spatial memory and short- and long-term learning and that Acticoa 
powder may be useful in decreasing age-related brain impairments and cognitive de fi cits.  

   Proposed Mechanisms of Action 

 While a detailed discussion of the proposed neuroprotective, neuroenhancing, and neurostimulating 
mechanisms that may be associated with cocoa- and chocolate-related products is beyond the scope 
of this chapter, a brief overview of these mechanisms follows. 

 Over the years, an array of potentially pharmacologically active substances have been identi fi ed in 
cocoa and chocolate (see Smit  [  46  ]  for an overview); however, most reportedly do not by themselves 
result in signi fi cant effects in humans, secondary to such factors as their extremely low concentrations 
in cocoa-related products and their inabilities to reach and/or cross the blood–brain barrier  [  46  ] . 
In contrast, the methylxanthines in cocoa and chocolate, and in particular, caffeine and theobromine, 
have been suggested to be responsible for at least a portion of the products’ (psycho)pharmacological 
activity, although potential interactive and synergistic effects among the many constituents of cocoa 
and chocolate also remain possible  [  39,   46  ] . For example, in the two previously reviewed studies by 
Smit and associates  [  39  ] , cocoa powder and a methylxanthine mixture (i.e., caffeine and theobromine) 
were found to exhibit very similar outcome pro fi les, with strong treatment effects found for an 
 energetic arousal mood construct and on a simple reaction time task. In light of these results, the 
authors  [  39  ]  concluded that the cocoa content in dark chocolate has notable psychopharmacological 
activity (e.g., psychostimulant effects) that can be attributed to the presence of caffeine and/or 
theobromine. 

 In addition to methylxanthines, cocoa and cocoa-related products are rich in polyphenolic com-
pounds and, in particular,  fl avonoids  [  47–  49  ] . In recent years, an ever-increasing body of evidence has 
indicated that plant-derived, dietary  fl avonoids, such as those commonly found in notable quantities 
in cocoa and chocolate, may possess neuroprotective, neuroenhancing, and neurostimulating effects, 
including an ability to protect neurons from injury resulting from oxidative stress and neurotoxins, the 
potential to suppress or inhibit neuroin fl ammatory processes, the promotion and enhancement of 
existing neuronal and neurocognitive functioning, and the ability to stimulate cerebral blood  fl ow and 
induce neuronal regeneration and neurogenesis  [  49–  57  ] . 

 While the bioactivity of  fl avonoids has historically been attributed to their antioxidant properties, 
via either their abilities to scavenge reactive species or through their impact on the intracellular redox 
status, their ability to act as antioxidants in vivo, especially in the brain where their concentrations are 
very low, is purportedly limited  [  49–  55  ] . 
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 Although the precise mechanisms/processes via which  fl avonoids may act within the brain remain 
unresolved at present, a number of other mechanisms have been proposed by Spencer and his col-
leagues  [  49–  55  ] , including (1) their apparent abilities to modulate and interact with a number of criti-
cal neuronal protein and lipid kinase signaling pathways in the brain, resulting in an inhibition of 
apoptosis stimulated by neurotoxic species and the promotion of neuronal survival and synaptic plas-
ticity, and (2) their noted capabilities to produce bene fi cial effects in the cerebral and peripheral vas-
cular systems and enhance blood  fl ow, which may result in angiogenesis, neurogenesis (e.g., in the 
hippocampus), and changes in neuronal morphology. 

 Lastly, it has been hypothesized that the antioxidant and health-related bene fi ts of the cocoa-related 
polyphenols and  fl avonoids may be either enhanced or reduced, either directly or indirectly, by such 
factors as bioavailability, antioxidant status, and the status (e.g., health) of the participants being stud-
ied, as well as by the presence of methylxanthines, peptides, and minerals  [  48  ] .  

   Summary 

 Taken together, there appear to have been nine published studies  [  33,   39–  45  ]  (through May 2011) in 
the scienti fi c literature that have examined the effects of cocoa- and chocolate-related products on 
neurocognitive functioning. Seven of these studies (one publication  [  39  ]  included two studies) 
involved human participants  [  33,   39–  43  ] , while two other investigations employed laboratory animals 
 [  44,   45  ] . 

 Regarding the studies involving human participants, the sample sizes utilized in  fi ve of the investi-
gations  [  33,   39,   42,   43  ]  were relatively small (i.e., n  £  30), while a medium-sized sample (i.e., n = 101) 
was examined in one clinical trial  [  40  ] , and a large sample was utilized in a population-based study 
 [  41  ] . With the exception of two studies that exclusively employed older (i.e., 60 years of age or older) 
adults  [  40,   41  ] , the remaining projects generally examined younger participants whose ages or mean 
ages fell between 18 and 35.4 years  [  33,   39,   42,   43  ] . Four of the investigations examined “healthy” 
individuals  [  33,   40,   42,   43  ] , while the health statuses of the participants in the remaining three studies 
were not speci fi ed  [  39,   41  ] . 

 Five of the human investigations employed double-blind procedures  [  33,   39,   40,   42  ] , with within-
subjects/crossover methodology being utilized in four of these studies  [  33,   39,   42,   43  ]  and a parallel-
group design used in the other  [  40  ] . Among the two remaining human studies, one used a single-blinded, 
crossover design  [  43  ] , while the population-based study utilized cross-sectional methods  [  41  ] . Within 
these studies, an array of high and low  fl avonoid/ fl avanol-rich cocoa- and chocolate-related products 
and dosages were employed  [  33,   39,   40,   42,   43  ] , as well as methylxanthine mixtures in two studies 
 [  39  ] . The speci fi c types of cocoa- and chocolate-related products consumed in the population-based 
study  [  41  ]  were not precisely de fi ned. The duration of the studies’ treatments/assessments ranged 
from approximately 3 h or less in four investigations  [  39,   42,   43  ] , to 5 days  [  33  ]  and 6 weeks  [  40  ]  in 
two additional investigations, to a cross-sectional, retrospective, self-report of chocolate consumption 
over a 1-year period in the population-based study  [  41  ] . 

 A wide array of outcome measures, assessing a diversity of neurocognitive and neuropsychologi-
cal processes were administered in the human studies. These ranged from simple reaction time tasks, 
to objective, standardized tests (e.g., portions of the Wechsler Memory Scale-III  [  40,   58  ] , Trail Making 
Test  [  40,   59  ] ) frequently utilized in clinical practice, to subjective, self-report questionnaires (e.g., a 
mood questionnaire  [  39  ] ). Overall,  fi ve out of seven of the studies  [  39,   41–  43  ]  that examined the 
effects of cocoa- and chocolate-related products in humans found that the products were associated 
with signi fi cant enhancement/improvement of certain aspects of individuals’ neurocognitive 
functioning, and, in particular, on tasks assessing simple reaction time  [  39  ] , rapid visual information 
processing  [  39,   42  ] , energetic arousal  [  39  ] , episodic memory  [  41  ] , cognitive processing speed and 
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sequential abilities  [  41  ] , perceptual speed  [  41  ] , global cognition  [  41  ] , access to semantic memory 
 [  41  ] , Serial Threes subtractions  [  42  ] , visual contrast sensitivity  [  43  ] , detection of motion direction 
 [  43  ] , visual spatial working memory  [  43  ] , choice reaction time  [  43  ] , and mental fatigue  [  42  ] . 

 Regarding the two investigations involving laboratory animals, both studies utilized strains of male 
Wistar rats, with total sample sizes of 64  [  44  ]  and 18  [  45  ]  animals. Aged rats were examined in one 
study  [  45  ] , while the ages of the animals in the other study  [  44  ]  were not speci fi ed. Both of the stud-
ies’ methodologies  [  44,   45  ]  utilized random assignment of the rats to parallel treatment and control 
groups. The experimenters who conducted the neurocognitive testing in both investigations  [  44,   45  ]  
also remained blind to the treatments that had been administered to the rats. Furthermore, both of the 
animal studies utilized similar doses of a cocoa polyphenolic extract (i.e., Acticoa powder), whereas 
the treatment duration was only 14 days in one investigation  [  44  ]  but 12 months in the other  [  45  ] . 
Similar outcome measures were employed across the two studies, and both investigations found that 
the Acticoa powder was associated with signi fi cantly improved or preserved neurocognitive function-
ing in the rats, and, in particular, on light extinction and water maze tasks assessing short- and long-
term learning and spatial memory  [  44,   45  ] . 

 Taken together, the majority (i.e., seven out of nine) of the studies  [  39,   41–  45  ]  published to date 
(through May 2011) that have examined the effects of cocoa- and chocolate-related products on the 
neurocognitive processes of humans and laboratory animals have found that the compounds are asso-
ciated with signi fi cantly improved and/or preserved aspects of cognitive functioning. While the pre-
cise mechanisms via which cocoa- and chocolate-related products may act within the brain remain 
unresolved at present, in recent years, an ever-increasing body of evidence has indicated that plant-
derived, dietary  fl avonoids, such as those commonly found in notable quantities in cocoa and choco-
late, may possess neuroprotective, neuroenhancing, and neurostimulating effects  [  49–  57  ] . Furthermore, 
the methylxanthines in cocoa and chocolate, and in particular, caffeine and theobromine, have also 
been suggested to be responsible for at least a portion of the products’ (psycho)pharmacological activ-
ity  [  39,   46  ] . It has also been hypothesized that the antioxidant and health-related bene fi ts of the cocoa-
related polyphenols and  fl avonoids may be either enhanced or reduced by such factors as bioavailability, 
antioxidant status, and the status (e.g., health) of the participants being studied, as well as by the pres-
ence of methylxanthines, peptides, and minerals  [  48  ] .  

   Directions for Future Research 

 While the majority of studies cited here provide evidence of the ef fi cacy of cocoa- and chocolate-
related products to enhance and/or preserve the neurocognitive functioning of humans and laboratory 
animals, based on the diversity of samples, methodologies, cocoa- and chocolate-related products, 
doses, treatments, and outcome variables utilized in these studies, as well as the null results found in 
two of the investigations, future research is required to more precisely identify and de fi ne the true 
effects of cocoa and chocolate on neurocognitive functioning. 

 Well-designed, larger-scale, prospective studies are needed that not only replicate the  fi ndings of the 
previous investigations but that also extend the scienti fi c literature and better elucidate the ef fi cacy of 
cocoa- and chocolate-related products to have neuroprotective, neuroenhancing, and neurostimulating 
effects. In particular, future research is required with diverse populations (e.g., of varying ages, gen-
ders, health and cognitive statuses) that examine different types and formulas of cocoa- and chocolate-
related products (with various polyphenol/ fl avonoid and methylxanthine contents), dosage regimens, 
and treatment/assessment durations (e.g., acute, short-term, and long-term timeframes). These investi-
gations should also precisely identify their samples’ and treatment products’ characteristics, as well as 
their speci fi c inclusionary/exclusionary criteria. Furthermore, outcome measures should be carefully 
selected to ensure that they have been documented to be reliable, valid, and sensitive measures of 
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 particular neurocognitive processes and that they decrease the possibility of practice effects over 
 successive administrations (e.g., via use of alternate forms) or ceiling effects (e.g., via use of measures 
requiring sustained effort leading to a progressive performance decline). 

 Finally, future research is needed to better identify and clarify the precise mechanisms and modes 
of action that may underlie the proposed neuroprotective, neuroenhancing, and neurostimulating 
effects of cocoa- and chocolate-related products, as well as the potential synergistic interactions 
between the polyphenols/ fl avonoids and methylxanthines in the compounds.      
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  In 1662 Henry Stubbe (1632–1676), an English physician, writer, and scholar, wrote the  fi rst book on 
chocolate, “The Indian Nectar, or a discourse concerning Chocolata”  [  1  ] . In that book, he writes: “The 
Nature of the Cacao-nut, and the other Ingredients of that Composition, is examined, and stated 
according to the Judgment and Experience of the Indians, and Spanish Writers, who lived in the 
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 Key Points 

    There is some evidence that  fl avanols, but also methylxanthine compounds, in cocoa may have a • 
positive effect on cognitive functioning.  
  The results from clinical trials indicate that cocoa  fl avanols are bene fi cial in improving the vascular • 
function and increasing cerebral blood  fl ow and may therefore have potential for treatment of 
vascular impairment, including dementias and strokes, but also potential for maintaining an 
adequate cognitive functioning.  
  Long-term administration of a cocoa polyphenolic extract may be bene fi cial in retarding age-related • 
brain impairments, including cognitive de fi cits in normal aging, as demonstrated in animal studies.  
  The ef fi cacy of  fl avanol-rich cocoa on cognitive performance has been shown in a couple of human • 
trials, but there are also a few experiments that yielded no improvement, presumably due to the 
ceiling effect in cognitive testing.  
  Based on population-based cross-sectional study chocolate intake up to 10 g/day is associated with • 
better performance in several cognitive abilities in a dose-dependent manner.  
  Studies on cell cultures have shown that neuroprotective actions of cocoa  fl avonoids involve a • 
number of effects within the brain, including a potential to protect neurons against injury induced 
by neurotoxins and an ability to suppress neuroin fl ammation, and that cocoa may therefore have a 
potential to promote memory, learning, and cognitive function.    
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Indies, and others; with fundry additional Observations made in England: The ways of compounding 
and preparing Chocolata are enquired into; its Effects, as to its alimental and Venereal quality, as well 
as Medicinal (especially in Hypochondriacal Melancholy) are fully debated”  [  1  ] . However, instruc-
tions for the medicinal use of cacao have been found already in documents from early Colonial Era in 
the Badianus Codex (1552) and the Florentine Codex (1590)  [  2  ] , but chocolate as the brain-strength-
ening remedy was  fi rst mentioned by Stubbe  [  1,   2  ] . 

 In 1996, 444 years after the  fi rst factual documentation of cocoa as an herbal remedy, Waterhouse 
and colleagues  [  3  ]  described an in vitro experiment stating that the action and content of polyphenols 
from cocoa could be considered as a dietary source of antioxidants. In their study  [  3  ] , polyphenols were 
extracted from commercial cocoa and chocolate, and the polyphenol content and antioxidant activity 
against low-density lipoprotein oxidation was measured. They found a potent inhibition by the cocoa 
polyphenols: at 5  m mol/L total polyphenols (expressed as gallic acid equivalents), cocoa phenols 
inhibited 75% low-density lipoprotein oxidation while pure catechin inhibited oxidation 87%. Those 
 fi ndings were again to open up a whole new area of chocolate/cocoa and health. Since then, there has 
been increased interest in the potential health-related bene fi ts of antioxidant- and phytochemical-rich 
dark chocolate and cocoa. Among other bene fi ts, there is hope that cocoa  fl avanols may increase 
blood  fl ow to the brain. As when the  fl ow of blood to the brain slows over time, the result may be 
structural damage and dementia. Therefore, long-term improvements in brain blood  fl ow could impact 
cognitive behavior, offering future potential for debilitating brain conditions, including cognitive 
impairment and dementia. 

 Although chocolate is akin to cocoa, they are two different terms and are not interchangeable. In 
this chapter, the terms are used alternately, according to each particular study under consideration. 
During the recent years, cocoa products and moderate chocolate consumption have been promoted to 
be part of healthy diet due to the health bene fi ts ascribed to selected cocoa components. Speci fi cally, 
cocoa as a plant and chocolate as food contain a series of chemicals that can interact with cell and 
tissue components, providing protection against the development and amelioration of different patho-
logical conditions  [  4  ] . In the cocoa bean, there are found more than 200 compounds that are thought 
to be bene fi cial for the human body  [  5  ] . The major interest has been focused on polyphenols that are 
so abundant in cocoa. Single servings of cocoa and cocoa products contain more phenolic antioxi-
dants than most foods  [  6,   7  ] . As cocoa is predominantly consumed as chocolate, the high polyphenol 
content of cocoa renders chocolate particular interest of the nutritional viewpoints, and the evidence 
that chocolate has nutritional bene fi ts is mounting. Cocoa, in its unprocessed state, is particularly rich 
in  fl avanols, which are one subclass of polyphenols that are present in plants as nonconjugated mol-
ecules, including (−)-epicatechin and (+)-catechin, and as  fl avanol-based oligomers of these mole-
cules, known as procyanidins  [  8,   9  ] . 

 The majority of relevant health effects of cocoa and chocolate have been related to cardiovascular 
disease. A growing number of clinical studies indicate that regular ingestion of  fl avanol-rich cocoa 
exerts a range of effects potentially favorable to vascular health, for example, reducing elevated blood 
pressure, increasing insulin sensitivity, decreasing in fl ammation, improving endothelium dependent 
relaxation, contributing to vasodilatation to improve blood  fl ow, suppressing platelet aggregation, 
exerting antioxidant protections against free radicals, inhibiting low-density lipoprotein oxidation, 
modulating immune function of the proin fl ammatory cytokines, and positively in fl uencing production 
of eicosanoids to foster their role in cardiovascular health  [  7,   9–  13  ] . Vascular health, in turn, is closely 
related to neurocognitive disorders. There are at least three important aspects related to vascular dis-
eases and dementia or Alzheimer’s disease: shared risk factors, clinical manifestations, and overlap-
ping neuropathologic  fi ndings  [  13  ] . Speci fi cally, increasing age, apolipoprotein E  e 4 genotype, 
hypertension, arteriosclerosis, diabetes mellitus, smoking, and atrial  fi brillation are common risk fac-
tors for both dementia and vascular diseases  [  14  ] . Cerebral infarction may often be related to clinical 
manifestations of pathologically diagnosed Alzheimer’s disease, as during the  fi rst year after cerebral 
infarction, the incidence of dementia is nine times greater than expected  [  13,   15  ] , and after the  fi rst 
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year, there is a 50% increase in the likelihood of developing Alzheimer’s disease  [  13,   15,   16  ] . 
Moreover, stroke shortens the duration of preclinical Alzheimer’s disease  [  13,   16  ] . In relation to neu-
ropathologic  fi ndings, there are neuro fi brillary plaques and tangles in vascular dementia and vascular 
pathology in Alzheimer’s disease  [  13,   17  ] . In addition to the commonly seen vascular lesions such as 
cerebral amyloid angiopathy, microvascular degeneration, and periventricular white matter lesions, 
there are numerous structural and functional cerebromicrovascular abnormalities in Alzheimer’s dis-
ease, including impairment of blood-brain barrier, decreased microvascular density, vascular distor-
tions, functional alteration and derangement of cerebral endothelial function, and arteriolar changes 
such as lipohyalinosis  [  13  ] . Thus, tight relationship between vascular diseases and dementia or 
Alzheimer’s disease makes the research on cocoa  fl avanols even more promising, suggesting that 
cocoa  fl avanols may provide a dietary approach to maintaining cardiovascular function and health and 
pointing towards new possibilities for cocoa  fl avanol-based interventions for vascular complications 
associated with cognitive functioning. So far, the number of studies related to effects of cocoa and 
chocolate on cognition has been limited. 

 The combinations of antioxidants or anti-in fl ammatory polyphenolic compounds found in fruits 
and vegetables have shown ef fi cacy in aging – preventing the onset of age-related de fi cits, enhancing 
cognitive abilities, and even reversing cognitive de fi cits  [  18,   19  ] . The antioxidant properties of poly-
phenols derived from cocoa products and their bene fi cial effects on cognition have been demonstrated 
in a couple of animal studies. Rozan et al.  [  20  ]  evaluated the antioxidant activity of Acticoa powder, 
a cocoa polyphenolic extract obtained using the ACTICOA (Barry Callebaut, Zurich, Switzerland) 
process from cocoa beans, in plasma. They found that daily oral administration for 14 consecutive 
days of ACTICOA powder protected Wistar/Han IGS rats from cognitive impairments after heat 
exposure by counteracting the overproduction of free radicals. In another study, administration of a 
cocoa polyphenolic extract (ACTICOA powder) to old Wistar-Unilever rats during 1 year was 
bene fi cial in retarding age-related brain impairments, including cognitive de fi cits in normal aging and 
perhaps neurodegenerative diseases, as ACTICOA powder improved cognitive performances in light 
extinction and water maze paradigms, increased lifespan, and preserved high urinary free dopamine 
levels  [  11  ] . In the latter study, both long- and short-term memory processes were improved by the 
cocoa polyphenolic extract, as evaluated by month-to-month or trial-to-trial performances demon-
strating bene fi cial effects of ACTICOA powder on spatial learning  [  11  ] . 

 In human studies, the favorable effects of cocoa and chocolate on cognition have yielded mixed 
results, showing consistently that cocoa  fl avanols are bene fi cial in improving vascular function and 
increasing cerebral blood  fl ow and therefore may have potential for treatment of vascular impairment, 
including dementias and strokes. The effect on cognitive behavior is less evident. 

 In a pilot study among 27 healthy elderly subjects, the  fl avanol-rich cocoa intake (920 mL of cocoa 
daily in four equal doses including 821 mg total  fl avanols) over a 5-day period induced vasodilatation 
 [  13  ] . Because ingestion of a control drink,  fl avanol-poor cocoa, led to vasodilator responses that were 
signi fi cantly smaller, these experiments implicate  fl avanols as the primary polyphenols responsible 
for cocoa-induced vasodilatation. Fisher et al.  [  13  ]  also demonstrated that in healthy elderly subjects, 
ingestion of 900 mg of  fl avanols daily for 1 week increased cerebral blood  fl ow as measured by tran-
scranial Doppler ultrasound. In another study, Sorond et al.  [  21  ]  used transcranial Doppler ultrasound 
to measure mean blood velocity in the middle cerebral artery in 13 healthy elderly volunteers (59–83 
years old) in response to the regular intake of  fl avanol-rich cocoa. They found that 2 weeks of regular 
 fl avanol-rich cocoa intake, providing 900 mg of cocoa  fl avanols daily, resulted in a signi fi cant increase 
in peak cerebral blood  fl ow response in the middle cerebral artery. One more human study con fi rmed 
the bene fi cial role of cocoa  fl avanols on improving vascular function and increasing cerebral blood 
 fl ow. Among 16 young female subjects (18–30 years old), the relationship between cerebral blood  fl ow 
and a single acute dose (450 mg  fl avanols) of  fl avanol-rich cocoa was evaluated by functional mag-
netic resonance imaging  [  22  ] . The study demonstrated that  fl avanol-rich cocoa can increase the cere-
bral blood  fl ow to gray matter. Although blood oxygenation level-dependent response to a cognitive 
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task switching paradigm was signi fi cantly increased in the presence of  fl avanol-rich cocoa in that pilot 
study, there was no effect on behavioral responses such as reaction time, switch cost, or error rate for 
the letter-digit pair switching task  [  22  ] . The reason why no improvement in behavioral response was 
seen may be that the study participants, the healthy young subjects, were already performing at a high 
level of cognitive ability, which would be very dif fi cult to improve upon  [  22  ] . 

 Similarly, the  fi ndings from a double-blind, placebo-controlled, randomized, clinical trial among 
individuals of 60 years and older failed to support the predicted bene fi cial effects of short-term 
(6 weeks) consumption of dark chocolate (37.0 g; containing 60% cacao, ~11 g natural cocoa, and 
397 mg total proanthocyanins/g) and cocoa (237 mL cup of the cocoa beverage; dry weight 12 g, of 
which ~11 g was natural cocoa containing 357 mg total proanthocyanins/g) on any of the neuropsy-
chological, hematologic, or physiologic variables included in the investigation  [  23  ] . The authors 
hypothesize that the relatively high mean levels of education (above 15 years) of subjects in the study 
may have negatively affected the results, as higher levels of education compared to lower levels have 
been associated with greater cognitive reserve and enhanced neuropsychological test performances. 
Furthermore, persons with higher educational levels typically have signi fi cantly more test-taking 
experiences than persons with less education do  [  23  ] . 

 In contrast, in the randomized, controlled, double-blinded, balanced three-period crossover trial, 
Scholey et al.  [  24  ]  demonstrated that the acute consumption of cocoa  fl avanols can improve perfor-
mance and reduce “mental fatigue” during highly effortful cognitive processing in healthy young 
participants. The cognitive assessment included a Cognitive Demand Battery comprising two serial 
subtraction tasks (Serial Threes and Serial Sevens), the Bakan Rapid Visual Information Processing 
task, and a paper-and-pencil mental fatigue scale. Compared to control drink, the cognitive improve-
ments were evident following consumption of both 520 mg cocoa  fl avanols and 994 mg cocoa 
 fl avanols, whereas the 520 mg cocoa  fl avanols drink appeared to be more bene fi cial. Similarly, in con-
nection with subjective outcomes, mental fatigue ratings were also lowest following consumption of 
520 mg cocoa  fl avanols, but there were no effects after consumption of 994 mg cocoa  fl avanols. Also, 
there were no signi fi cant treatment effects on Rapid Visual Information Processing task. 

 Consistently to report by Scholey et al., improvements in cognitive performance due to cocoa 
 fl avanols were demonstrated in a trial by Field et al.  [  25  ]  employing a randomized, single-blinded, 
order counterbalanced, crossover design in which 30 healthy young adults (18–25 years old) con-
sumed both dark chocolate containing 720 mg cocoa  fl avanols and a matched quantity of white 
chocolate, with a 1 week interval between testing sessions. In the latter study, cocoa  fl avanols improved 
spatial memory and performance on some aspects of the choice reaction time task. In addition, they 
reported acute effects of cocoa  fl avanols on the ef fi ciency of visual function. The acute effects in these 
two trials  [  24,   25  ]  can be explained by increased cerebral blood  fl ow caused by cocoa  fl avanols, and 
because the improvements were seen in several different tests, these results are indicative of a general 
mechanism underlying the improvements observed, such as increased cerebral blood  fl ow may boost 
a motivation or attentiveness on the tasks as suggested by Field et al.  [  25  ] . 

 Moreover, the results of these recent trials  [  24,   25  ]  support earlier positive associations from the 
population-based Hordaland Health Study of 2,031 elderly (70–74 years old) individuals  [  26  ] . 
However, the study design was cross-sectional, and therefore interpretation as long-term associations 
should be considered with caution. In the Hordaland, study participants were asked to report their 
habitual chocolate intake during the past year and completed also a cognitive test battery including the 
Kendrick Object Learning Test (episodic memory), part A in Trail Making Test (sensorimotor speed), 
short version of Mini-Mental State Examination (global cognition), modi fi ed versions of the Digit 
Symbol Test (perceptual speed and executive function), Block Design (visuospatial skills), and 
Controlled Oral Word Association Test (semantic memory). Chocolate users compared to nonusers 
performed better in all six different cognitive tests and had signi fi cantly reduced risk for poor test per-
formance in most tests, whereas the mean intake of chocolate among users was as little as ~8 g/day. 
Moreover, there was a dose-response relationship: the cognitive performance improved with increasing 
chocolate intake, and a maximum bene fi cial effect on cognitive performance was gained at a mean 
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intake of chocolate of ~10 g/day  [  26  ] . These  fi ndings are in accord with an earlier study that even very 
modest consumption of chocolate may signi fi cantly contribute to total polyphenol intake  [  27  ]  and 
may thus be bene fi cial for cognition. Furthermore, the real effect of polyphenols in chocolate may be 
even stronger because not all chocolates are equally good sources of  fl avanols (the health bene fi ts 
ascribed to chocolate relate nearly exclusively to the dark, bittersweet-tasting chocolate and to prod-
ucts with a cocoa content of 60% or more), and the type of chocolate consumed was not speci fi ed in 
the Hordaland study. 

 In general, cocoa containing high  fl avanol content is relatively dif fi cult to obtain due to common 
postharvest handling and processing procedures used in the food industry that can dramatically reduce 
the  fl avanol content of chocolate and cocoa  [  7,   9  ] . The more processed the chocolate, the more 
 fl avonoids (and all of their related health bene fi ts) are lost. In addition, milk, cream, sugar, or other 
additives added to chocolate dilute the cocoa concentration and reduce the  fl avanol content per weight. 
Thus, commercially available cocoa-based products, what one can buy in stores, are routinely very 
low and/or inconsistent in  fl avanol content  [  28  ] . Although the unprocessed cocoa is the best in regard 
to  fl avonoids, certain cocoas can be manufactured to be extraordinarily rich in  fl avanols. Therefore, 
chocolate is relatively variable with some products containing essentially no  fl avonoids (0.09 mg 
procyanidin/g), whereas others are high in  fl avonoids (4 mg procyanidin/g)  [  29  ] . On that account, 
approximate estimates of the amounts of  fl avonoid-rich chocolate needed to elicit acute and chronic 
effects are 38 and 125 g, respectively  [  29  ] . 

 Beyond the  fl avanols, there are methylxanthine compounds in cocoa, caffeine, and theobromine 
that may in fl uence cognitive functioning. In one study by Smit et al.  [  30  ] , two active treatments con-
taining identical amounts of methylxanthines (encapsulated cocoa powder equivalent to a 50 g choco-
late bar and isolated caffeine and theobromine equivalent to a 50 g chocolate bar) against placebo 
were used. In another study  [  30  ] , the treatments were 60 g portions of chocolate prepared to look 
identical but contain differing amounts of methylxanthines: zero, low (8 mg caffeine + 100 mg theo-
bromine), and high methylxanthines (20 mg caffeine + 250 mg theobromine). In the  fi rst study, cocoa 
powder and isolated caffeine and theobromine both signi fi cantly decreased reaction time and increased 
energetic arousal compared to placebo. Isolated caffeine and theobromine also signi fi cantly increased 
scores on a rapid visual information processing task and increased hedonic tone (a measure of positive 
mood) compared to placebo, whereas cocoa powder was associated with a nonsigni fi cant increase. 
The chocolate treatments of varying methylxanthine levels in the second study produced similar 
results. High methylxanthines chocolate signi fi cantly decreased reaction time while both low and 
high methylxanthines chocolates increased rapid visual information processing task scores relative to 
placebo. 

 Studies on cell cultures have suggested that oxidative stress induced by reactive oxygen species is 
strongly associated with the pathogenesis of neurodegenerative disorders such as Alzheimer’s disease 
and that apoptosis is a crucial pathway in neuronal cell death. Cocoa procyanidin fraction and procya-
nidin B2 prevent the H 
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 O 

2
 -induced apoptosis in rat pheochromocytoma (PC12) cells from oxidative 

stress through blocking the phosphorylation of c-Jun N-terminal protein kinase and p-38 mitogen-
activated protein kinase  [  31  ] . Also, an aldehylic product of membrane lipid peroxidation – 
4-hydroxynonenal – is reported to be elevated in the brains of Alzheimer’s disease patients, and it 
mediates the induction of neuronal apoptosis in the presence of oxidative stress  [  32  ] . In another study, 
Cho et al.  [  33  ]  showed that cocoa procyanidin fraction and procyanidin B2-protected PC12 cells 
against 4-hydroxynonenal-induced apoptosis by blocking mitogen-activated protein kinase kinase 4 
activity as well as accumulation of reactive oxygen species. In addition, Ramiro-Puig et al.  [  34  ]  have 
shown the potential neuroprotective action of cocoa  fl avonoids by reducing reactive oxygen species 
production and modulating mitogen-activated protein kinase activation: cells incubated with cocoa 
extract or (−)-epicatechin reduced reactive oxygen species production in a dose-dependent manner, 
reaching 35% inhibition. Moreover, c-Jun N-terminal protein kinase and p-38 involved in apoptosis 
were down-modulated by cocoa extract and (−)-epicatechin with p-38 inhibition reaching up to 
70%  [  34  ] . Additional health bene fi ts of the major cocoa  fl avonoids, epicatechin and catechin, on the 
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neurotoxicity induced by amyloid  b  protein in rat PC12 cells have been demonstrated by Heo and Lee 
 [  35  ] . Thus, neuroprotective actions of cocoa  fl avonoids involve a number of effects within the brain, 
including a potential to protect neurons against injury induced by neurotoxins, an ability to suppress 
neuroin fl ammation, and may therefore have a potential to promote memory, learning, and cognitive 
function. 

 In addition to potential bene fi cial direct effect of chocolate on cognition, chocolate may have an 
indirect negative impact as food cravings may impair cognitive performance. Chocolate is the most 
commonly and intensely craved food in Western cultures  [  36  ]  as chocolate ful fi lls two innate prefer-
ences: one for sweet taste, and one for creamy texture, making chocolate one of the most palatable 
foods available  [  37  ] . In a study among 96 female undergraduate students, Tiggemann et al.  [  38  ]  exam-
ined the impact of chocolate craving on the three speci fi c components of working memory – the 
phonological loop, the visuospatial sketch pad, and the central executive. They demonstrated that 
chocolate cravings (under manipulated craving conditions) selectively disrupt performance on visu-
ospatial tasks. According to the working memory model, this occurs because food cravings compete 
for limited visuospatial working memory resources  [  38  ] . 

 Finally, with regard to natural cocoa ingestion, there is an intriguing phenomenon, the Kuna 
Indians, native to islands off the coast of Panama, drink several servings of unprocessed cocoa a day 
and appear to be the only known society which salts its food and yet is virtually free from hyperten-
sion  [  39  ] . Although the prevalence of senile dementia among the Kuna has not been formally assessed, 
other Third World cultures in which hypertension and stroke are quite rare are characterized by a near 
absence of dementia  [  40  ] . As there seems to be a correlation between excellent cerebrovascular health 
and freedom of dementia, one may hypothesize that there is also a strong association between cocoa 
drink usage and cognitive health  [  40  ] . 

 In conclusion, bene fi cial effects of cocoa or chocolate on cognitive functioning have been reported 
in a couple of animal studies  [  11,   20  ] , while similar effects have not been found in all human trials  [  22, 
  23  ] . However, the most recent trials  [  24,   25  ]  and a population-based cross-sectional study  [  26  ]  support 
the positive  fi ndings from animal trials. There is evidence that cocoa  fl avanols may increase blood 
 fl ow to the brain  [  13,   21,   22  ] , and long-term improvements in brain blood  fl ow could impact cognitive 
behavior (as long-term administration of cocoa  fl avanols to aging rats was associated with preserva-
tion of youthful cognitive performance  [  11  ] ), offering future potential for impairing brain conditions 
leading dementia and stroke. The considerations of limited human studies also suggest that regular 
consumption of cocoa  fl avanols might have important potential for promoting retention of cognitive 
function as people age. The effects of cocoa  fl avanols on cognitive functioning may act or interact 
through a number of signaling pathways, for example, protection from neurodegradation, increased 
perfusion, decreased neuroin fl ammation, modulation of neuronal function, and neuronal apoptosis, 
but the speci fi c mechanisms by which cocoa  fl avonoids improve cognitive function remain to be 
clari fi ed and are still the subject of ongoing research. There is need for further carefully designed stud-
ies that consider possible ceiling effects of cognitive testing, encompass participants with different 
educational levels, and involve higher number of subjects, as the sample sizes in conducted trials have 
been relatively small increasing variance and risk of type two error, biasing towards nil. Finally, the 
fact that chocolate is considered as the third highest daily source of antioxidants for US consumers, 
preceded by coffee and tea  [  6  ] , makes it an even more fascinating subject to study its health bene fi ts.     
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    Introduction 

   Anything good in life is either immoral, illegal or fattening. 

  –  Oscar Wilde (1854–1900)   

 The famous Italian dessert, named “tiramisu,” meaning “pick me up,” in the sense of regaining 
strength, reenergizing, or waking-up, probably owes its name to its ingredients, especially coffee and 
chocolate, whose positive effects on cognitive functions were already known. Another expression, 
“Seven days without chocolate makes one weak,” reinforces the common belief that chocolate can 
have an impact on mood and fatigue. 

    Chapter 29   
 Cocoa and Chocolate: Chemistry, Biochemistry, 
and Bene fi cial Brain Effects       

      Maria   Patrizia   Carrieri        and    Joe   A.   Vinson               

 Key Points 

    Epicatechin metabolites are the proposed brain bioactive compounds from cocoa and dark • 
chocolate.  
  Cerebral blood  fl ow increase is the major mechanism for cognitive effects mediated by cocoa and • 
dark chocolate.  
  Dark chocolate and cocoa can affect mood, anxiety, depression, and chronic fatigue syndrome.    • 
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 Chocolate consumption is now regarded by two opposing viewpoints. On the one hand, the increas-
ing epidemic of obesity  [  1  ]  and associated comorbidities  [  2  ]  in high-resource settings has led to  
chocolate and especially milk chocolate–based snacks (such as chocolate bars sold from vending 
machines) being banned as “unhealthy food” and excluded from most low-calorie and low-carbohy-
drate diets. Moreover, chocolate has started being labeled as a food that potentially leads to addictive 
behaviors and craving risks for regular users  [  3,   4  ] . 

 On the other hand, recent research has completely enlightened the multiple health bene fi ts associ-
ated with dark chocolate consumption, mainly attributable to its antioxidant properties. Polyphenols, 
the most frequently occurring natural antioxidants, found in cocoa, certain fruits, and common bever-
ages like wine, tea, and coffee have been shown to have positive cardiovascular effects (vasoactive and 
antithrombotic activity)  [  5  ]  and to play a role in the prevention and treatment of several diseases asso-
ciated with oxidative stress, such as cancer and in fl ammation  [  6,   7  ] . They may help to prevent neuro-
degenerative diseases and diabetes mellitus  [  8  ] . Like caffeine, chocolate consumption also seems to 
slow progression of liver  fi brosis  [  9  ] .  

   Chemistry and Biochemistry of Cocoa 

 Most animal and human studies have been carried out with cocoa and dark chocolate because milk 
chocolate contains a lower amount of cocoa solids and white chocolate has only fat and sugar and a 
little  fl avoring. It is important to know that chemically cocoa and commercial dark chocolate contain-
ing a large percentage of cocoa solids (35–85%) are extremely complex mixtures. They contain hun-
dreds of compounds, as do all plant-derived foods and beverages. However, psychoactive components 
of cocoa and chocolate, such as anandamide and phenethylamine which are often touted in the popu-
lar press, are present in parts per billion to parts per million, which are not high enough doses for 
cocoa or chocolate to affect the brain. Theobromine, chemically similar to caffeine, is the major 
stimulant in cocoa and chocolate and is present at concentrations of several hundred milligrams per 
serving  [  10  ] . The structures of these two stimulants are similar and shown in Figs.  29.1  and  29.2 .   

 A recent human study with 700 mg of theobromine found that it decreased both blood pressure and 
decreased self-reported calmness. It had no effect on psychomotor performance  [  11  ] . The authors 
conclude that theobromine has no CNS-mediated effects. 

 Chemically the two important polyphenol compounds present in cocoa and in dark chocolate and 
to a lesser extent in milk chocolate are (−)-catechin and (+)-epicatechin, whose structures are shown 
in Figs.  29.3  and  29.4 . These  fl avanols are hypothesized to be the major cocoa bioactives in the body, 
including the brain.   

  Fig. 29.1    Caffeine       
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 It is apparent that they are stereoisomers of each other. In contrast to fruits, cocoa has (−)-catechin, 
which is formed from the (+)-enantiomer by processing. These  fl avanols are excellent antioxidants and 
have almost identical antioxidant properties. Oligomers (procyanidins B1, B2, B5, and C1) and poly-
mers account for 90% or greater of total polyphenols in cocoa and chocolate and of monomers such as 
catechin and epicatechin 5–10%  [  12  ] . Large molecules with molecular masses >500 amu cannot be 
absorbed by the body so monomers are the compounds in cocoa and chocolate that may potentially be 
present in plasma and thus in the brain. However, (−)-catechin is poorly bioavailable and has not been 
detected by LC-MS-MS in plasma after animal  [  13  ]  and also after human consumption  [  14  ] . 

 Health effects derived from cocoa polyphenols depend on their bioavailability. In terms of  fl avanols, 
bioavailability is in fl uenced by their degree of polymerization  [  15  ] . Monomers are well absorbed in the 
small intestine. As the result of phase II enzymes, (−)-epicatechin is converted into glucuronidated and 

  Fig. 29.2    Theobromine       

  Fig. 29.3    (−)-catechin       

  Fig. 29.4    (+)-epicatechin       
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sulfated metabolites as well as into methylated metabolites, which in turn may also be glucuronidated 
and sulfated. It is also possible that the conjugated metabolites may be deconjugated back to original 
aglycones such as epicatechin in tissues and organs  [  16  ] . However, the absorption of dimeric procya-
nidins in humans seems to be very limited  [  17  ] , and polymeric procyanidins are not well absorbed in 
their native form. These polyphenols reach the colon, where they are biotransformed by the intestinal 
microbiota into hydroxyphenylvalerolactones and a series of phenolic acids,  [  14  ]  which may be further 
absorbed and consequently exert multiple biological activities.  

   Blood–Brain Barrier Cell Studies 

 The  fi rst barrier to absorption of polyphenols is the intestines, where endothelial cells uptake the com-
pounds and where some metabolism takes place. However, the blood–brain barrier (BBB) is a formi-
dable one. Currently, there is substantial evidence to show that the cerebral endothelium is the main 
cellular structure responsible for the BBB in mammals  [  18  ] . Among the elements that distinguish 
brain endothelium from intestinal endothelium are complex tight junctions and the presence of speci fi c 
transporters, including ef fl ux carriers. These properties make the BBB a regulatory interface that 
selectively limits passage of most small polar molecules and macromolecules from the cerebrovascu-
lar circulation to the brain. The BBB exerts tight control over transendothelial molecular traf fi c and 
contributes to the regulation of brain extracellular  fl uid  [  19  ] . Therefore, hydrophilic compounds can-
not cross the BBB in the absence of speci fi c mechanisms such as membrane transporters or endocy-
tosis. RBE-4 cells (rat capillary cerebroendothelial cells) were found to transport quercetin (a lipophilic 
polyphenol), catechin (a more hydrophilic polyphenol), and cyanidin-3-glucoside (a cationic hydro-
philic polyphenol). The ef fi ciency of transport (apical to basolateral side) ranged from 3% to 23% in 
a time-dependent manner. This same group investigated the transport of (+)-catechin (not found in 
processed cocoa) and (−)-epicatechin in both RBE4 and an immortalized human cerebral endothelial 
cell line recently developed as a model of the human BBB  [  19  ] . Transport ef fi ciencies were similar 
for the two cell lines and varied between 8% and 28% and were time dependent. Both aglycones and 
glucuronides were found in the cell media after incubation, indicating that the cells had glucuronidat-
ing enzymes present. The transport ef fi ciency of epicatechin was much higher than catechin, indicat-
ing their stereochemistry greatly affected transport. 

 There is plenty of evidence that polyphenols are neuroprotective whether from cocoa, tea, red 
wine, and grape seed extract (all high polyphenol sources). This is thought to be due to the protection 
of neuronal cells from oxidative stress through induction of antioxidant defenses, modulation of sig-
naling cascades, apoptosis, and/or by the synthesis/degradation of the amyloid (beta) b -peptide  [  20  ] . 
For example, one epidemiological study showed that consumption of tea, red wine, and chocolate in 
moderate amounts slows the cognitive decline during normal human aging  [  21  ] . 

 Aging and atherosclerosis are major risk factors for stroke and have been associated with a decrease 
in nitric oxide (NO) production and an increase in reactive oxygen species generation  [  22  ] . The fol-
lowing study was predicated on the hypothesis that severe dyslipidemia and associated oxidative 
stress could accelerate age-related decline in cerebrovascular endothelial function and cerebrovascu-
lar blood  fl ow (CBF). Catechin treatment (30 mg/kg/day) in the drinking water for 3 months improved 
cerebrovascular  fl ow–mediated dilation (endothelial function) and learning abilities in atherosclerotic 
mice by decreasing cerebral superoxide and increasing CBF during stimulation  [  23  ] . This is a very 
high dose of catechin and is not feasible in terms of giving humans cocoa. 

 An in vivo study with rat aortal rings showed that only (−)-epicatechin among the catechin 
and  epicatechin stereoisomers was capable of provoking an arterial dilation  [  24  ] . Thus, only 
 (−)-epicatechin causes vasodilation presumably by an NO-dependent pathway. This result should be 
transferable to the cerebrovascular system. 
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 Figure  29.5  illustrates the mechanisms by which polyphenols affect brain function, as proposed by 
Spencer  [  25  ] . We have revised it to make it speci fi c to cocoa.  

 However, research on the possible impact of chocolate compounds on mood is complex for many 
reasons. First, many experimental studies either use chocolate bars which contain a considerable 
quantity of sugar or carbohydrates or are based on the use of chocolate as a palatable food (i.e., sub-
jects in experiments choose the type of chocolate they consider more palatable). Moreover, in most 
experimental studies, only short-term effects on mood are evaluated. Whether relief after craving and 
“addiction-like” behaviors are due more to other compounds present in chocolate bars (like carbohy-
drates and sugar) than to the components of cocoa itself remains a controversial issue. 

 In their review examining the mood state effects of chocolate, Parker and coauthors  [  26  ]  assessed 
chocolate effects with respect to two different phenomena: food craving and emotional eating. The 
authors suggest that chocolate craving is mainly determined by a desire for hedonic reward and that 
dopamine is the main neurotransmitter released after eating chocolate in the aim of an enjoyable sen-
sory experience. By contrast, emotional eating is more characterized by carbohydrate craving and is 
motivated by the desire for the calming effects of endorphins to alleviate dysphoria or other negative 
states. However, according to the authors, the bene fi ts from chocolate consumption in subjects using 
it as self-medication are ephemeral, as chocolate is more likely to protract rather than discontinue a 
dysphoric mood. Furthermore, the authors also underline that any attempt to study the effects on 
mood following ingestion of chocolate as a palatable food containing carbohydrates may be con-
founded by several factors, such as “time in relation to eating, whether subjects are cravers or non-
cravers, and the actual mood state (e.g., depression, anxiety, ennui).” 

 In this chapter, we took into account all these limitations in assessing the impact of chocolate con-
sumption on mood states. For this reason, we mainly focused on studies including subjects who were 
“noncravers” and those not subject to emotional eating. We also assessed the short- and long-term 
effects that cocoa and its derivatives may have in reducing the burden of anxiety symptoms, depres-
sion, fatigue as well as improving cognitive performance and other brain responses to stress. Animal 
models and experimental and observational studies, both in healthy individuals and in individuals 
with morbidities involving mood disorders or which affect cognitive performance, were included. 
This chapter also aims to elucidate the possible causal path that may lead to mood and cognitive per-
formance improvements after chocolate/cocoa intake by an analysis of the chemistry properties of 
cocoa’s compounds and their effects on brain functions.  

  Fig. 29.5    Proposed brain 
mechanism of cocoa 
polyphenols       
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   Methods 

 We searched BIOSIS (ISI-CE BIOSIS previews), PubMed, and Embase for relevant publications 
written in English, French, and Spanish between 2000 and 2011. Our search had several keywords: 
“cocoa,” “chocolate,” “ fl avonoids,” “anxiety,” “depression,” “depressive symptoms,” “mood,” “dys-
phoria,” “fatigue,” “cognitive,” “attention de fi cit,” and “craving.” We searched reference lists from 
retrieved manuscripts. Abstracts were examined to assess eligibility for inclusion. 

 For biochemistry and chemistry, PubMed was searched between 2000 and 2011, and keywords 
included polyphenols, theobromine, caffeine, cerebral blood  fl ow, catechin, epicatechin, and endothe-
lial function.  

   Chocolate, Depression, and Anxiety 

   Personality Traits, Chocolate Craving, and Mood Disorder Relief 

 As depression and anxiety disorders can increase chocolate and/or food craving  [  27  ]  and both of these 
are considered markers of speci fi c psychological traits, the relief of depression and anxiety-like symp-
toms in individuals experiencing chocolate craving or chocolate emotional eating may be mediated by 
the speci fi c psychiatric traits of these individuals. These results may make it dif fi cult to interpret the 
role that regular chocolate consumption may play on mood disorders. 

 An extensive body of literature exists on the issue of chocolate craving and the causes of craving. 
This includes the psychiatric pro fi les of individuals experiencing relief from craving and symptoms 
after chocolate consumption. While a literature analysis on chocolate craving is not the objective of 
the current review and will be considered in another chapter in this volume (Chap.   34    ), it is, however, 
important to detail some speci fi c results that may be helpful in understanding that the response to 
chocolate consumption may depend on the psychological traits of individuals. 

 A study conducted in 2001 analyzed attitudes  [  28  ]  toward chocolate (craving and consumption) in 
a general population using a factor analysis. The following two dimensions were identi fi ed: the  fi rst 
included both “obsessional thoughts about chocolate consumption” and one’s “weakness” for choco-
late while under emotional stress. The second dimension included both “guilt and negative feelings 
after consumption” and “guilt or worry about body shape.” Other studies that aimed to make the link 
between attitudes toward chocolate and psychiatric traits showed that individuals who reported eating 
chocolate for “self-medication” were more likely to present hysteroid dysphoria-like symptoms (i.e., 
depressive symptoms associated with feelings of rejection)  [  29  ] , and those characterized by consider-
able levels of chocolate craving reported chocolate consumption when feeling bored, anxious, and 
having a dysphoric mood  [  30  ] . Although a desire for chocolate was shown to be associated with 
depression, another study found no association between chocolate craving and suicidal thoughts  [  31  ] . 

 An observational interventional study was conducted to understand whether chocolate craving could 
be satis fi ed by chocolate consumption. Three different modes of satisfying chocolate craving (choco-
late, white chocolate, and cocoa powder)  [  4  ]  were offered to volunteers who were subject to chocolate 
craving. Individuals experiencing chocolate craving could use one of the three modes and record on a 
scale whether or not their craving had been satis fi ed. Results showed that the critical factors satisfying 
chocolate craving were the taste and mouthfeel and not the quantity of active compounds present in the 
consumed chocolate. Although the study did not randomize subjects to three arms and imposed an 
evaluation of craving relief following an intentional choice of the subject, this study con fi rms that 
chocolate craving is probably the expression of a speci fi c eating disorder whose relief may be attribut-
able more to sensation satisfaction than to the effect of chocolate compounds. 

http://dx.doi.org/10.1007/978-1-61779-803-0_34
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 As already mentioned in the introduction, while those who de fi ne themselves as “chocolate addicts” 
or “chocolate cravers” do not generally seem to be subject to classical eating disorders, they are more 
prone to suffer from depression and anxiety  [  32  ] . On the other hand, chocolate craving also occurs 
more frequently in individuals experiencing emotional dysregulation, or in those with anxiety and 
anger, which are common in persons with hysteroid dysphoria  [  26,   29  ] . 

 The fact that chocolate craving (and consumption) is more frequently found in individuals with 
mood disorders explains why any investigation of the association between chocolate use and depres-
sion in cross-sectional observational studies may fail to disentangle the causes of chocolate consump-
tion from depression and anxiety symptoms’ relief. This is also why some reviews cannot conclude 
whether chocolate consumption improves mood disorders  [  33  ] .  

   De fi nition: Depression and Anxiety 

 Clinical depression is a common mental disorder characterized by depressed mood for weeks or 
months (as opposed to a transitory “blue” mood); it is often accompanied by loss of interest or plea-
sure, feelings of guilt or low self-esteem, hopelessness, disturbed sleep or appetite, low energy, and 
poor concentration. Persistent somatic symptoms – such as headaches, digestive disorders, and chronic 
pain – may be signs of clinical depression. 

 According to the WHO report in 2007  [  34  ] , it is estimated that depression affects about 121 million 
people worldwide and was “the leading cause of disability as measured by YLDs and the 4th leading 
contributor to the global burden of disease (DALYs) in 2000. By the year 2020, depression is pro-
jected to reach 2nd place of the ranking of DALYs calculated for all ages, both sexes.” 

 While the de fi nition of major depression is based on a combination of symptoms lasting for at least 
2 weeks, there is a considerable variety of depression subtypes (unipolar depression, biological 
depression, manic depression, seasonal affective disorder, dysthymia, etc.). 

 Generalized anxiety disorders can also coexist with clinical depression and other mental disorders 
and are characterized by excessive longstanding worry about health, job responsibilities,  fi nances, the 
safety of one’s children, or even being late for appointments. These feelings of worry and dread are 
dif fi cult to control and can be accompanied by physical symptoms such as headaches, pain from 
muscle tension, frequent urination, dif fi culty swallowing, a “lump in the throat,” or exaggerated star-
tled responses. 

 Anxiety and depression are major public health problems that are reaching epidemic levels in 
many medium- and high-income countries. In 2002, depression accounted for 4.5% of the worldwide 
total burden of disease (in terms of disability-adjusted life years). It is also responsible for the greatest 
proportion of burden attributable to nonfatal health outcomes, accounting for almost 12% of total 
years lived with disability worldwide  [  34  ] . Treatment of depression and anxiety is tailored to the indi-
vidual, the severity and cause of the depressive episode, as well as anxiety disorders all being taken 
into account. 

 Although the mechanism provoking depression and anxiety has still not been clearly elucidated, 
the main trigger is known to be exposure to chronic stress. Recent research now suggests that depres-
sive episodes can occur as “a normally self-limiting but highly error-prone process of recuperation 
from stress-triggered neuronal microdamage”  [  35  ] . 

 Depression and anxiety are disorders or co-occurring disorders with multidimensional clinical 
manifestations. This is why evaluating the role that chocolate/cocoa intake may have on “depression” 
and anxiety manifestations or on chronic stress consequences is not an easy task. Such evaluation may 
require a classi fi cation of the type of depressive and anxiety symptoms on which chocolate intake may 
be effective and of the functions that may be affected by such disorders.  
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   Biochemistry Issues 

 There have been numerous articles indicating that cerebrovascular blood  fl ow (CBF) is reduced in 
those with depression and Alzheimer’s. In a 2010 article, subjects with major depression (unipolar) 
were measured for CBF before and after remission. A signi fi cant increase in CBF was seen during 
remission  [  36  ] . In a 2011 study, major depressive disorder (unipolar or bipolar) patients with homog-
enous demographic and clinical features were subjected to repetitive transcranial magnetic stimula-
tion, and basal CBF was measured. Nonresponders had signi fi cantly lower CBF in several brain areas 
compared with positive responders  [  37  ] . We propose that an increase in CBF following cocoa con-
sumption is the major mechanism for cocoa’s bene fi cial effect of depression. 

 Another landmark experiment by an international group showed that in healthy male adults, inges-
tion of high polyphenol cocoa was associated with acute elevations of circulating NO 

x
  species and an 

enhanced  fl ow-mediated dilation response of arteries (endothelial function improvement) and an 
increased microcirculation  [  38  ] . Epicatechin and plasma concentrations of its metabolites signi fi cantly 
correlated with a vascular effect. Neither catechin nor its metabolites correlated, indicating the lack of 
bioactivity of this epimer. An in vivo study with rat aortal rings showed that only (−)-epicatechin was 
capable of provoking arterial dilation among the catechin and epicatechin stereoisomers  [  24  ] . Thus, 
only (−)-epicatechin causes vasodilation presumably by an NO-dependent pathway. 

 The conclusion of both animal and human studies is that (−)-epicatechin and its metabolites medi-
ate the vascular effects of cocoa. This has been amply demonstrated in studies with respect to the 
cardiovascular effects of cocoa and chocolate. Our hypothesis is that (−)-epicatechin also mediates the 
cerebrovascular effect of both. 

 An intervention study with young subjects in 2006 showed that polyphenol-rich cocoa increased 
CBF by 50% and that this elevated CBF returned to baseline 6 h postconsumption  [  39  ] . These results 
are illustrated in Fig.  29.6 . This curve indicated a long-lasting acute effect of cocoa on blood  fl ow.  

  Fig. 29.6    Time course of the average CBF across gray matter after consumption of a single dose of cocoa drink low 
(13 mg) and high (172 mg) in polyphenol       
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 Aging is associated with frontal subcortical microangiopathy and executive cognitive dysfunction, 
suggesting that elderly individuals may have impaired metabolic activation of CBF to the frontal 
lobes. Aging is marked by reductions in CBF  [  40  ]  and in the speed of cognitive processing  [  41  ] . 

 As a result of earlier studies indicating that coronary artery blood  fl ow and endothelial function 
(NO dependent) were increased by cocoa, other groups began investigating the effect of cocoa on the 
human brain. Blood  fl ow has a fundamental role in brain function. Neuroimaging techniques, such as 
functional magnetic resonance imaging (fMRI), which are based on increased blood  fl ow accompany-
ing increased neural activity in the brain, have widely demonstrated the relationships of cerebrovas-
cular responses and cerebrovascular health to human cognitive and emotional functions. In 2006, a 
study was published demonstrating that CBF, as measured by Doppler ultrasound, was increased in 
healthy elderly subjects after consuming 900 mg of cocoa polyphenols  [  42  ] .    In a larger study, the 
same research team gave cocoa polyphenols to 34 elderly subjects and found that the increase in CBF 
postcocoa consumption was larger after 2 weeks of supplementation than after 1 week  [  43  ] . It is 
important to keep in mind that this acute increase in CBF after cocoa occurred within a background 
of decreased CBF arising from the caffeine and theobromine stimulants present in cocoa. 

 Another aspect of brain health is the issue of stress. Stress, of course, is common in everyday life 
and is believed to affect happiness, health, and cognition. A study in 2005 with young adults found 
that CBF increased with mild to moderate stress induced by a mental arithmetic task  [  44  ] . The second 
utilized 30 healthy adults in a double-blind study who consumed 520, 994 mg polyphenols, or a con-
trol beverage during an hour of very dif fi cult cognitive tests  [  45  ] . Consumption of cocoa  fl avanols 
resulted in acute improvements in mood and cognitive performance during sustained mental effort. 
Only the 520-mg beverage resulted in an improvement of mood, as measured by a mental fatigue 
scale. Both doses improved one of the measures of cognitive function. The study’s authors speculated 
that the mechanisms were related to the proven effects of cocoa polyphenols on endothelial function 
and blood  fl ow, that is, nitric oxide activation. 

 A second study utilized the new burgeoning  fi eld of metabolomics  [  46  ] . Thirty subjects consumed 
40 g of dark chocolate (74% cocoa solids) daily for 14 days. Urine and plasma samples were collected 
three times during the trial. This is the  fi rst and only study that used dark chocolate, the other human 
studies having used a cocoa beverage. Concentrations of compounds changed by the chocolate were 
measured by NMR and MS. Human subjects with a higher anxiety trait showed a distinct metabolic 
pro fi le indicative of a different energy homeostasis and gut microbial activities. Dark chocolate 
reduced the urinary excretion of the stress hormone cortisol and catecholamines and partially normal-
ized stress-related differences in energy metabolism. Moreover, the anxiety trait-related metabolic 
differences observed in urine (e.g., levels of hippurate,  p -cresol sulfate, glycine, citrate,  trans -aconi-
tate, proline, DOPA, and (beta)  b  -alanine) tended to be normalized toward the levels observed in low 
anxiety trait subjects, whereas metabolic signatures in blood plasma were maintained over the dura-
tion of the clinical trial. The study provides strong evidence that the daily consumption of 40 g of dark 
chocolate (equivalent to eating one chocolate bar) over a period of 2 weeks is suf fi cient to modify the 
metabolism of free-living and healthy human subjects, by changing both host and gut microbial 
metabolism.  

   Effect of Cocoa-Containing Food on Anxiety and Depression 

 In order to better explore the role that chocolate intake can play on anxiety or depression, we selected 
only studies whose focus was NOT on subjects reporting suffering from chocolate craving or eating 
disorders. 
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   Short-Term Effects of Cocoa or Chocolate Intake on Mood 

 It has already been shown that craving for the rewards given by chocolate seems to be intensi fi ed 
when a depressive mood is induced in both animal and human models  [  27  ] . To evaluate whether 
chocolate as a palatable food might modify induced mood states, several experimental studies were 
performed on human subjects, all based on the principle of inducing emotions through watching video 
clips and evaluating self-administration of chocolate or other palatable foods. 

 Macht’s 2002  [  47  ]  study reported results on 24 healthy men who experienced anger, fear, sadness, 
and joy induced through  fi lm clips. Individuals abstained from eating chocolate 2 or 8 h before the 
 fi lm clip. After watching the clips, they received pieces of chocolate. Hours of deprivation were cor-
related with motivation and the most affective responses to eating chocolate. Sadness was found to 
decrease appetite. Experiencing joy increased appetite and was found to be associated with a tendency 
to eat more chocolate, a more pleasant taste and more stimulating than for sadness. The co-existence 
of other research that shows increased eating response to sadness con fi rms the existence of two differ-
ent types of “emotional eating”: emotion-congruent modulation of eating and eating to regulate 
emotions. 

 Another study conducted more recently by Macht and coauthors  [  48  ]  tested two hypotheses: 
(1) chocolate eating can immediately affect negative, but not positive or neutral mood, and (2) that this 
effect is due to palatability. To test the  fi rst hypothesis, they conducted an experiment including 
48 healthy women and men of normal weight and assessed the effects of eating a piece of chocolate 
and drinking water on negative, positive, and neutral mood states induced by watching  fi lm clips. 
Their results showed that eating chocolate reduced negative mood compared with drinking water, 
whereas no major effects were found on neutral and positive moods. To test the second hypothesis, the 
researchers conducted a second experiment including 113 healthy women and men of normal weight 
and compared effects of eating palatable and unpalatable chocolate on negative mood. They also 
measured the duration of chocolate-induced mood change. This experiment showed that negative 
mood improved after eating palatable chocolate in contrast to unpalatable chocolate or eating nothing 
at all. However, this effect was short-lived in both experiments, that is, it disappeared after 3 min. 
These studies simply show that the bene fi ts of chocolate as a palatable food on mood-induced states 
have short-term effectiveness, and this effectiveness derives mainly from chocolate’s palatability.  

   Long-Term Effects of Chocolate on Mood 

 Some evidence about the antidepressant effects of cocoa polyphenolic extract is provided by an exper-
iment conducted on rats  [  49  ]  undergoing a forced swimming test at different cocoa polyphenolic 
extract exposures. The outcome measured was the duration of immobility after the swimming test. 
The purpose of this study was to assess the effects of treatment with cocoa polyphenolic extract on 
locomotor activity in an open  fi eld test and on immobility in the forced swimming test in rats, which 
was a useful experimental method for screening for a wide range of antidepressants (including tricy-
clics and monoamine oxidase inhibitors). 

 Cocoa polyphenolic extract was found to be associated with a signi fi cant reduction in the duration 
of rat immobility (depression-related) for both doses of 24 and 48 mg/kg/14 days, con fi rming the 
hypothesis that cocoa polyphenolic extract has antidepressant-like effects. 

 Another study conducted on rats was designed to better investigate the anxiolytic effects of short- 
and long-term administration of cacao mass  [  50  ] . The authors used the elevated T-maze test, which is 
a model of anxiety for animals. Two different experiments were conducted: during the  fi rst, rats were 
administered cacao mass (100 mg/100 g body weight) and immediately performed the elevated T-maze 
test. This experiment showed that cacao mass administration signi fi cantly abolished delayed avoid-
ance latency, but did not change escape latency, that is, it reduced conditional fear-related behavior, 
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but did not modify the concentration of brain monoamines or emotion-related neurotransmitters, such 
as norepinephrine, serotonin, and dopamine, in the rat brain. In the second experiment, rats were fed 
using a cacao mass–containing diet for 2 weeks before performing the elevated T-maze test. Unlike 
for short-term administration, chronic consumption of cacao mass tended to increase avoidance 
latency and did not change escape latency. It also enhanced brain serotonin concentrations and sero-
tonin turnover. This result suggests that chronic consumption of cacao did not affect fear-related 
behaviors, but was involved in brain monoamine metabolism. The two experiments put together sug-
gest that short-term cacao mass consumption may have an anxiolytic effect, although this does not 
seem to be true for chronic consumption. 

 One study  [  51  ]  conducted in pregnant women suggested that chocolate consumption can produce 
multiple effects at environmental and psychological levels. The study aimed to assess whether choco-
late consumption and stress experienced during pregnancy could predict infant temper as rated by 
their mothers at 6 months of age. The study collected chocolate consumption and intensity of stress 
during pregnancy in 305 pregnant healthy mothers. The results highlighted that mothers reporting 
chocolate intake during pregnancy were more likely to positively rate the temperament of their infants, 
while prenatal stress was associated with lower rating, especially in mothers reporting no chocolate 
consumption during pregnancy. 

 Some research has evaluated the effect of chocolate consumption on mood in the elderly. Strandberg 
and colleagues  [  52  ]  conducted a study in older men (born between 1919 and 1934) who had been fol-
lowed up since 1960. In 2002–2003, a mailed questionnaire was used to assess the health status of all 
those still alive. The response rate was 69% (N = 860), but only individuals reporting a preference for 
either chocolate or candy were selected. Individuals preferring chocolate to candy exhibited 
signi fi cantly lower levels of depression (Zung’s Scale), fewer feelings of loneliness, more feelings of 
happiness, and plans for the future. 

 A French intervention study  [  53  ]  conducted in 209 older individuals tested the effect of prolonged 
dark chocolate administration (2 months, 30 g/day). Among those screened with depression by the 
mini Geriatric Depression Scale (GDS), one quarter no longer had depressive symptoms after 
2 months. Interestingly, after 1 year from the beginning of the study, 67% patients of those who had 
recovered again presented with depressive symptoms. 

 A cross-sectional analysis  [  54  ]  conducted on a sample of 931 adults from San Diego, California, 
without diabetes or any known coronary artery disease and who did not use antidepressants, was con-
ducted to study the relationship between chocolate consumption and depressive symptoms, as mea-
sured by Center for Epidemiological Studies Depression Scale (CES-D). The CES-D score was 
dichotomized to classify patients with a positive depression screen result (CES-D score > or = 16) and 
those with probable major depression (CES-D score > or = 22). Individuals were provided with choc-
olate servings each week, while chocolate consumption frequency and rate data were gathered, based 
on the Fred Hutchinson Food Frequency Questionnaire. Chocolate consumption was compared for 
those with lower versus higher CES-D scores. This study highlighted a signi fi cant association between 
chocolate number of servings/month and possible depression as individuals with probable major 
depression reported a higher number of servings/month (11.8 servings/month), and there was a 
signi fi cantly linear “dose–response” relationship. However, the authors remain cautious about a pos-
sible causal relationship because, as previously mentioned, this cross- sectionally assessed relation-
ship may be confounded by many factors (e.g., time in relation to eating, whether subjects were 
cravers or noncravers, and the current mood state). 

 In 2007, WHO’s World Health Survey collected data on health and health-related outcomes and 
their determinants in samples of adults aged 18 years and older  [  55  ] . This survey showed that respon-
dents with depression and other chronic conditions had much lower mean health scores when com-
pared with respondents who had only one chronic condition. For this reason, it may be particularly 
meaningful to assess the possible effect of cocoa intake on anxiety and/or depression in patients with 
chronic conditions. However, studies focusing on anxiety or depression in patients already affected by 
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a chronic disease are sparse. Carrieri et al.  [  56  ]  reported results about the association between chocolate 
intake and depressive symptoms from a 3-year follow-up of HIV–HCV infected patients enrolled in the 
ANRS Hepavih CO-13 cohort. Depressive symptoms in HIV-infected patients are very frequent  [  57  ]  
and have been found to be associated with HIV clinical progression, independently of adherence to 
treatment  [  58  ] . In this study, individuals who reported no chocolate consumption in the previous 
6 months had almost a twofold risk of presenting with probable (CES-D score >16) or major depres-
sion (CES-D > 22). This relationship was con fi rmed even when using French sex-speci fi c CES-D cut-
off points for probable depression (17 for men and 23 for women). It is possible that the effect was 
observed more easily in a French population because in Europe, dark chocolate must contain at least 
35% chocolate liquor, and dark chocolate consumption is more frequent in France. 

 To summarize, despite some evidence from animal models when we focus on acute effects just 
after a short period of administration, the possible effects of exposure to cocoa derivatives on anxiety 
and depressive symptoms seem negligible. The positive impact of more prolonged periods of admin-
istration on mood disorders becomes more evident, but these results are not completely consistent 
across the different studies. More research needs to be conducted on different populations and differ-
ent types of mood disorders to con fi rm these observations.    

   Cognitive Functions and Fatigue 

   Cognitive Functions 

 What are commonly named “cognitive functions” include four types of different processes  [  59  ] : (1) 
receptive functions allowing acquisition, management, classi fi cation, and integration of information; 
(2) memory and learning allowing the stocking and recalling of information received; (3) thinking and 
reasoning concerning the mental organization and reorganization of information; (4) expressive func-
tions allowing communication and action. 

   Possible Mechanisms 

 One animal study showed that cocoa polyphenols improved cognitive function  [  60  ] . The most bio-
available polyphenol in cocoa (−)-epicatechin was then tested in a proof-of-concept experiment to see 
if it improved cognitive function similar to the effect of cocoa on mice and also to determine a mecha-
nism  [  61  ] . Epicatechin was mixed with the diet at 500 or 5 mg/kg body weight and given to mice for 
20 days. It was shown to improve memory and upregulated genes which are associated with learning 
and downregulated markers of neurodegeneration. Angiogenesis and neuronal spine density were 
increased and associated with spatial memory. A daily dose for 13 days of 3 or 30 mg/g of epicatechin 
caused a dose–response increase in brain metabolites of epicatechin. Most importantly, injection of a 
mixture of the epicatechin metabolites improved spatial memory and thus convincingly demonstrated 
the cause and effect of the metabolites on cognitive brain function. 

 Chronic fatigue syndrome (CFS) is a medically unexplained illness. Initially it was ascribed to 
muscle defects but later was shown to be an impaired neuropsychological function  [  62,   63  ] . CBF was 
found to be lower in every region of the brain measured in CFS subjects  [  62  ] . Not surprisingly after 
8 weeks of intervention, polyphenol-rich dark chocolate (with 85% cocoa solids) was found to 
signi fi cantly improve the standard fatigue score and anxiety and depression score in comparison to an 
isocaloric low polyphenol chocolate  [  64  ] . 

 A proof-of-concept paper, albeit in mice, investigated the effect of (−)-epicatechin on fatigue; 
(−)-epicatechin enhances fatigue resistance and oxidative capacity in mouse muscle  [  65  ] . Epicatechin 
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alone or epicatechin plus exercise signi fi cantly improved mice treadmill performance by 50% versus 
water alone or water plus exercise. Also, enhanced in situ muscle fatigue resistance was observed with 
epicatechin. One very important  fi nding was that there were signi fi cant increases in capillarity for 
epicatechin versus administering water only. Exercise further increased skeletal muscle capillarity 
when coupled with epicatechin. Structural and metabolic changes in both skeletal and cardiac muscles 
resulted in greater endurance capacity. The increased capillarity we believe is paralleled by an increase 
in neurons, as outlined in the previous mechanism  fi gure. 

 Studies have been conducted to assess whether administering cocoa or chocolate could result in 
acute improvement of cognitive performance. Usually such studies mainly focus on understanding to 
what extent prolonged exposures to cocoa can slow the deterioration of cognitive performance associ-
ated with aging. Models based on rats can easily provide evidence about the possible effects of pro-
longed administration of cocoa extracts on cognitive functions. The possible role of (−)-epicatechin 
in reducing neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases has also been 
highlighted  [  66,   67  ] . 

 Bisson and coauthors  [  60  ]  conducted a randomized experiment on Wistar-Unilever rats. One arm 
received a cocoa polyphenolic extract (ACTICOA powder, Barry Callebaut, Zurich, Switzerland), for 
1 year (rats were between 15 and 27 months old), orally delivered at the dose of 24 mg/kg/day. The 
other arm was the control group. The objective of the study was to verify whether cocoa polyphenolic 
extract could affect the onset of age-related cognitive de fi cits, urinary free dopamine levels, and life 
span. Age-related cognitive de fi cits were assessed with light extinction and water maze tests, in which 
rats were released from the same starting position. The results showed that ACTICOA powder 
signi fi cantly improved cognitive performances in light extinction and water maze paradigms, increased 
life span, and preserved high urinary free dopamine levels. In other words, short- and long-term 
memory processes as well as spatial learning were all improved by the cocoa polyphenolic extract. 

 A similar randomized experiment with shorter exposure to cocoa polyphenolic extract (14 days) 
was performed on in Wistar rats  [  68  ]  that were randomly assigned to four groups (control group, 
control group with heat exposure [HE], ACTICOA powder with HE, vitamin E supplementation with 
HE) with the aim of evaluating the antioxidant activity of ACTICOA powder (AP) and cognitive per-
formance after HE. Both AP and vitamin E supplementation were effective in reducing the overpro-
duction of free radicals by leucocytes. Heat exposure caused cognitive impairment (measured by light 
extinction and water maze tests) in the control group after HE, but the daily oral administration of AP 
or vitamin E protected rats from cognitive impairments after HE by counteracting the overproduction 
of free radicals. 

 Scholey and coauthors explored whether cocoa  fl avonols (CF) could improve cognitive perfor-
mance during mental efforts in healthy humans  [  45  ] . They conducted randomized controlled three-
period crossover trials on 30 healthy adults. The three periods corresponded to administration of 
drinks containing 520-, 994-mg CF, or a control period. The subjects underwent repeated 10-min bat-
tery comprising of two serial subtraction tasks (serial threes and serial sevens), a rapid visual process-
ing task, and a mental fatigue scale. Consumption of both 520- and 994-mg CF signi fi cantly improved 
serial threes performance, while the 994-mg CF beverage signi fi cantly speeded the rapid visual pro-
cessing task. However, increases in self-reported “mental fatigue” were signi fi cantly attenuated by the 
consumption of the 520-mg CF beverage only. This study con fi rms that the acute consumption of CF 
can improve performance and reduce “mental fatigue” during high-effort cognitive processing in 
healthy young participants. 

 Another more recent randomized crossover trial  [  69  ]  assessing the impact of cocoa  fl avonols on 
acute improvement in visual and cognitive functions was conducted in 30 healthy adults who con-
sumed either dark chocolate containing 720-mg CF or white chocolate at different time periods, with 
a 1-week interval between testing sessions. The following several functions were tested: visual contrast 
sensitivity, motion sensitivity, and direction and cognitive performance. Assessment used visual spatial 
working memory for location tasks and a choice reaction time task designed to engage processes of 
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sustained attention and inhibition. Compared to “control” periods, cocoa  fl avonols signi fi cantly improved 
visual contrast sensitivity and reduced the time required to detect motion direction. It also enhanced 
spatial memory and performance, but had no effect on motion sensitivity. These acute effects can be 
explained by increased cerebral blood  fl ow caused by administering cocoa  fl avonols. The authors also 
suggest that the chronic effects of cocoa  fl avonol supplementation on visual function may be larger 
than the acute effects reported here owing to the neuroprotective properties of dietary  fl avonoids, along 
with their effectiveness at suppressing in fl ammatory processes, and enhancing endothelial function – 
which, on the whole, are likely to be bene fi cial for the retina and visual cortex. 

 These two studies, conducted on healthy adults, provide consistent results about the acute effects 
of cocoa  fl avonol intake on speci fi c cognitive functions and partly con fi rm what has already been 
observed in animal models. The question now is whether these properties of cocoa  fl avonols on cogni-
tive functions can also be observed in the elderly. The two studies available examining this issue do 
not provide consistent results, and it is not clear whether this is due to their design or to the methods 
used to estimate cognitive functions. 

 The  fi rst, conducted by Nurk and colleagues  [  21  ] , is an observational cross-sectional study assess-
ing the relationship between intake of  fl avonoids (chocolate, wine, and tea) and cognitive performance 
in a large study sample of (N = 2031), cognitive performance was measured by a cognitive test battery 
including the Kendrick Object Learning Test, the Trail Making Test part A (TMT-A), modi fi ed ver-
sions of the Digit–Symbol Test, Block Design, Mini-Mental State Examination, and Controlled Oral 
Word Association Test. Participants who consumed chocolate, wine, or tea exhibited signi fi cantly 
better test scores and lower prevalence of poor cognitive performance than those who did not. 
Individuals consuming all three presented the best cognitive score. A dose–response relationship was 
also observed between the number of  fl avonoids consumed (chocolate wine and tea) and the lowest 
risks for poor test performance. The association between intake of these  fl avonoids and cognition 
performance was dose dependent, but the effect was modest for chocolate. This study suggests that for 
the elderly, a diet high in certain  fl avonoid-rich foods can potentially improve cognitive performance 
in a dose-dependent manner. 

 However, these results were not con fi rmed by a trial conducted in the elderly whose objective was 
to assess the short-term (6 weeks) effects of dark chocolate and cocoa on neuropsychological func-
tioning in healthy older adults. The trial randomized 101 individuals to either a placebo arm or to a 
treatment arm receiving a 37-g dark chocolate bar and 237 mL of an arti fi cially sweetened cocoa 
beverage or similar placebo products each day for 6 weeks. Neuropsychological functioning was 
assessed through the Selective Reminding Test, the Wechsler Memory Scale-III Faces I and Faces II 
subtests, the Trail Making Test, the Stroop Color–Word Test, the Wechsler Adult Intelligence Scale-
III Digit Symbol–Coding subtest, and the Activation–Deactivation Adjective Check List. The authors 
did not  fi nd any difference in neuropsychological variables examined. This study based on a random-
ized trial failed to demonstrate any acute impact of cocoa intake on neuropsychological functioning. 
Further research is still needed to evaluate which cognitive functions may be improved by prolonged 
cocoa administration in the elderly.   

   Fatigue 

 The medical de fi nition of fatigue is physical and/or mental exhaustion that can be triggered by stress, 
medication, overwork, physical/mental illness, or disease. The last part of this de fi nition implies that 
fatigue can also occur within a framework of clinical manifestations of mental disorders like depres-
sion or other diseases implying neurocognitive impairment. Chronic fatigue syndrome (CFS) is a 
debilitating condition that may frequently start in adults after acute infectious disease episodes (e.g., 
chickenpox or mononucleosis) as a post-viral fatigue. Risk factors describing why a post-viral fatigue 
degenerates into a chronic condition are still unknown  [  70  ] . 
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 However, CFS can also occur without no exposure to infectious disease episodes, and it may be 
multifactorial  [  71  ] , possibly related to chronic debilitating diseases or chronic exposure to speci fi c 
treatments  [  72  ] . It is worth noting that an imbalance in various neurotransmitters including serotonin 
was detected in patients affected by CFS  [  73  ] . It is estimated that prevalence rates range from 0.2% to 
2.6%  [  74  ] . Whatever the cause, CFS impairs patients’ daily lives and is associated with poor quality 
of life  [  74  ] . 

 The  fi rst to describe the possible positive effects of chocolate on fatigue was the Aztec Emperor 
Montezuma (who reigned between 1502 and 1520). Antifatigue effects were also described in the 
Badanius codex (1552)  [  75  ] . 

 One study providing some evidence of the antifatigue effects of chocolate consumption was con-
ducted by Sathyapalan and colleagues  [  64  ] . The authors included ten consecutive patients with CFS 
and severe fatigue (scores > 10) on the Chalder Fatigue Scale  [  76  ] . Subjects with comorbid psychiatric 
disorders (according to the DSM IV) and those taking more than 10 g of chocolate per day were 
excluded. Using a crossover design, the authors compared consumption of 1 bar/day (15 g) polyphe-
nol-rich chocolate containing 85% cocoa solids versus cocoa liquor–free chocolate. The Chalder 
fatigue score improved signi fi cantly after 8 weeks of consumption of active high cocoa polyphenol 
chocolate but decreased signi fi cantly during the period of cocoa liquor–free chocolate. The authors 
discuss that the results can be attributed to the high polyphenol content within active chocolate and 
possible synergies among components like anandamide and N-acylethanolamines. 

   Possible Mechanisms 

 Chronic fatigue syndrome (CFS) is a medically unexplained illness. Initially it was ascribed to muscle 
defects, but this was shown to be an impaired neuropsychological function  [  62  ]  with 18 measurable 
and signi fi cant de fi cits. CBF was found to be lower in every region of the brain measured in CFS 
subjects  [  62  ] . Not surprisingly, polyphenol-rich dark chocolate (85% cocoa solids) was found after 
8 weeks of intervention to signi fi cantly improve a standard fatigue score and anxiety and depression 
score versus an isocaloric low polyphenol chocolate  [  64  ] . 

 A proof-of-concept paper, albeit in mice, investigated the effect of (−)-epicatechin on fatigue; 
(−)-epicatechin enhances fatigue resistance and oxidative capacity in mouse muscle  [  65  ] . Epicatechin 
alone or epicatechin plus exercise signi fi cantly improved treadmill performance (50%) versus water 
alone or water plus exercise. Also, an enhanced in situ muscle fatigue resistance was observed with 
epicatechin. One very important  fi nding was that there were signi fi cant increases in capillarity versus 
water and exercise further increased skeletal muscle capillarity when coupled with epicatechin. 
Structural and metabolic changes in both skeletal and cardiac muscles resulted in greater endurance 
capacity. The increased capillarity we believe is paralleled by an increase in neurons, as outlined in 
the mechanism scheme.    

   Summary 

 This analysis of the literature mainly focusing on both chemistry and biochemistry properties of cocoa 
compounds and the effects of cocoa intake on mood disorders and cognitive functions clearly shows 
that despite the short-term effects seen mostly on cognitive functions, there is some evidence to show 
that sustained administration of cocoa derivatives can also reduce the intensity of anxiety and depres-
sive symptoms as well as signi fi cantly improving cognitive functions, especially in the elderly. The 
evidence is stronger on cognitive performance probably because even short-term effects are marked. 
However, more experimental and observational studies excluding individuals suffering from choco-
late craving and eating disorders are needed to con fi rm these results. Research in this  fi eld should 
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target patients with both of these chronic conditions as well as mood or cognitive disorders, arising 
either from the chronicity of some diseases (like HIV, hepatitis, or cancer) or as treatment-related side 
effects. In particular, it is crucial to study whether combining treatment for depression or anxiety with 
speci fi c interventions like cocoa and other  fl avonoid administration could help to minimize the toxic-
ity burden of certain treatments. One important example is provided by hepatitis C treatment based on 
   PEG-interferon, ribavirin, and other new forthcoming drugs whose severe associated mood disorders 
(depression, anger, anxiety) are major causes of treatment refusal, nonadherence, and treatment 
interruption. 

 It is already known that some patients undergoing chemotherapy suffer from mood alterations and 
neurocognitive impairment symptoms. However, as the main clinical worry is survival, associated 
side effects are often neglected. Nevertheless, they seriously impair patients’ quality of life. Further 
research is also needed to better understand the effects of each chocolate compound and their magni-
tude on each mood disorder whether or not produced by chronic stress. 

 We believe that a plethora of evidence in the cardiovascular  fi eld for the mechanisms of cocoa 
polyphenols can be carried over into the area of the brain. Indeed, in several of the studies mentioned 
here, the authors made a similar hypothesis. The increase in CBF in gray matter suggests that cocoa 
polyphenols have potential in terms of the prevention and treatment of cerebrovascular de fi cits such 
as stroke, Alzheimer’s, and dementia. We look forward to future investigations into chocolate and the 
brain.      
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    Chapter 30   
 Chocolate: Mood       

      Marlene   M.   Millen          and    Beatrice   A.   Golomb                

 Key Points 

    Chocolate and mood are strongly intertwined in the popular imagination. The strong body of choc-• 
olate lore is  not  matched by a strong body of evidence.  
  Theoretically, chocolate bears many substances and properties that could in fl uence mood, favor-• 
ably and adversely. The balance of favorable to adverse effects could differ by individual and tim-
ing after chocolate consumption.  
  Favorable effects on mood might be mediated by methylxanthines (caffeine and theobromine), • 
catechins, biogenic amines like serotonin and ethylamine, and cannabinoid receptor agonists like 
anandamine. Antioxidant functions and cell energy support through mitochondrial biogenesis 
(mediated by epicatechin) might support positive mood.  
  Detrimental effects on mood might be mediated by methylxanthine excess or withdrawal, effects • 
of copper, or effects of trans-fatty acids (where these have polluted the chocolate product).  
  Empirically, few studies in humans have examined the relation of chocolate to mood. Based on the • 
scant extant literature, mood associations appear to be favorable immediately after eating chocolate 
that is perceived as palatable. In studies not focused upon the immediate effect, greater chocolate 
consumption has been linked to lower mood, but it is not clear which (if either) drives which.    
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    Introduction 

   Chocolate is cheaper than therapy and you don’t need an appointment. 

 – Catherine Aitken   

 Effects of chocolate on mood appear to be strongly established in the popular imagination: 
Chocolate is viewed as a food that improves mood. How strong is the basis of support for this? 
A range of mechanisms by which chocolate may in fl uence mood have been identi fi ed, both favorable 
and adverse. 

 In this chapter, we will review the mechanisms by which chocolate might in fl uence mood, in the 
shorter and longer term. Additionally, the empirical evidence on the association of chocolate to mood 
in humans – surprisingly limited – will be reviewed.  

   Method 

 Articles describing or discussing potential mechanism were identi fi ed using a PubMed search on date 
May 5, 2011, with English language articles including the title word “chocolate” and keywords 
“mechanism” and “mood.” Additional targeted searches focused on speci fi c mechanisms. 

 Articles bearing original level data on human associations of chocolate to mood were identi fi ed 
using a PubMed search on date May 5, 2011, for English language articles, using keywords “choco-
late,” “cocoa,” “mood,” “anxiety,” and “depression.” These were supplemented by articles based on 
author familiarity.  

   Results 

 Potential mechanisms of chocolate’s effects on mood, established in animal studies, are listed in 
Table  30.1 . This table includes both substances and actions.  

 Empirical studies in humans, associating chocolate with mood, include those listed in Table  30.2 .   

   Discussion 

 Despite much lore and public interest in chocolate and mood, we identi fi ed only eight articles with 
original data examining this relation in humans. 

 Two studies were experimental, but focused on very short-term effects  [  1,   2  ] . One of these exam-
ined mood triggered by an emotion-inducing  fi lm clip  [  2  ] . Elicited mood in response to a stranger’s 
observed plight (in the case of  fi lm-clip-triggered emotion) might plausibly be labeled empathy, and 
it might be worthwhile to ask whether it is desirable to blunt empathic modulation of emotional tone. 
The relation of this type of exogenous/empathic mood to depression requires elucidation. However, in 
general, immediate effects of palatable chocolate on mood were favorable, consistent with popular 
perception, though the effect dissipated quickly. Palatability of the chocolate related to the mood 
bene fi ts  [  2  ] . One could conjecture common chemical underpinnings for effects on palatability and 
mood, among a range of potential explanations. 

 The other studies assessed how mood related to chocolate consumption, as assessed by some ver-
sions of chocolate consumption recall (i.e., these examined intermediate-term effects; chocolate was 
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not necessarily eaten shortly prior to survey administration). Of these, one was primarily an examina-
tion of chocolate in Parkinson disease, and one was published only as a letter to the editor and 
expressed  fi ndings in coinfection with HIV-HCV. Both the latter study and one study focused on 
elderly men bore favorable associations, in these specialized samples. Two others were in generally 
healthy groups: One was in women  [  3  ]  and one in a relatively broad samples of adults  [  4  ] . In both of 
these studies, more unfavorable mood scores were associated with higher chocolate consumption, 
speci fi cally. Thus, in the former study, this was true for chocolate and not other sweets  [  3  ] . In our own 
(the latter) study, chocolate showed the association; calories, carbohydrates, caffeine, and fat 
did not  [  4  ] . 

 In the HIV-HCV sample, the study examined abstinence from chocolate versus consumption of 
chocolate  [  5  ] . There are issues speci fi c to the specialized population and to the study design. First, 
chocolate, like coffee, may bene fi t the underlying liver disease in HCV, with implications to mood 
sequelae of illness. Bene fi ts, if present, may therefore be illness speci fi c. Second, abstainer effects 
may be present, whereby persons who do not consume, or tolerate, products like chocolate may fail 
to tolerate them due to other adverse circumstances (such as impaired ability to metabolize or detoxify 
certain classes of substance) that may also bear on the risk of depression  [  6  ] . 

 The most general samples identi fi ed a signi fi cant adverse association of chocolate to mood in adult 
women and also men. However, even in these relatively broader samples in the other studies cited, 
directionality and causality remain unde fi ned by cross-sectional association. It cannot be ascertained 
from a cross-sectional design to what degree low mood motivated chocolate consumption, chocolate 
consumption fostered low mood, both (e.g., through short-term favorable and intermediate-term 
adverse mechanisms), or neither (e.g., common factors fostering both low mood and chocolate con-
sumption, among other possibilities)  [  4  ] . 

 We add the speculation that both favorable and adverse associations may be causally valid with the 
same (nonimmediate) time course, in different individuals, perhaps even for related reasons. As one 
possibility, suppose persons in need of antioxidant defense and/or mitochondrial support for mood  
support are adaptively driven to consume chocolate more frequently. This is one potential interpreta-
tion of the Parkinson disease data. Depression with somatic symptoms, at least, has been strongly 
linked to mitochondrial dysfunction  [  7  ] , which is strongly linked to Parkinson disease, and could 
account for why those with Parkinson disease eat more chocolate. Additionally, a range of oxidative 
stressors have been linked to adverse mood and behavior (copper, discussed here, represents one 
example). Notably, our study found chocolate to be linked to aggression, as well as depression  [  8  ] . 
Then, in a generally healthy population, more frequent chocolate consumption could statistically 
re fl ect persons with greater underlying pathology – that is, greater need for the adaptation. In contrast, 
in a population selected for a condition linked to oxidative stress and/or mitochondrial dysfunction 
(elderly have greater mitochondrial dysfunction  [  9,   10  ] , and HIV medications are mitochondrial 
toxins  [  11  ] ), then  failure  to consume chocolate may re fl ect failure to bene fi t from a bene fi cial adapta-
tion, providing favorable associations to mood. Clearly, experimental studies examining mood as a 
function of chocolate consumption are needed to assess this and other hypotheses and to determine 
the causal direction (if any) or, perhaps, causal directions. 

 Indeed, a range of mechanisms were identi fi ed that could produce favorable or adverse effects of 
chocolate on mood or potentially both with differing time course.  Bene fi ts  may arise via effects on 
neurochemistry (serotonin, phenylethylamine, cannabinoid receptor effects), cell energy and antioxi-
dation (mitochondrial density bene fi ts of epicatechin), and phosphodiesterase inhibition via theobro-
mine.  Adverse  effects on mood may arise by the same phosphodiesterase inhibition, which may impair 
sleep in sensitive individuals (sleep impairment and deprivation are linked to depression, not just as 
effects of depression), or indeed by withdrawal effects that arise following the favorable effects. (Care 
must be taken in stipulating assessed time course of association.) Chocolate products sometimes con-
tain trans-hydrogenated fats, which have been linked – as has chocolate – to depression  [  4,   12  ]  and 
aggression  [  8,   13  ] . Chocolate can be high in copper, in part through use of copper as a fungicide in 
cacao crops  [  14  ] , and high copper/zinc ratios are linked adversely to mood and behavior  [  15–  18  ] . 
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 The question remains unanswered: What does chocolate do to mood? But what does emerge, in 
reviewing the extant literature, is a richer (no pun intended) picture of the implications of chocolate 
to brain function and to mood – with potential for modulation by individual differences based on 
biological factors in the individual, and differences in the chocolate products. 

 Implications: As chocolate is increasingly recommended for cardiovascular bene fi ts and continues 
to be enjoyed for itself, 1  there is a need for more empirical research to better de fi ne the causal effect, 
or effects, of chocolate on mood and attending to different time courses of effect, impact of different 
composition of the chocolate product, and effect modi fi ers in the individual.      

  Acknowledgments   We wish to thank Sabrina Koperski for editorial and administrative assistance. Golomb wishes to 
thank her coauthor for having  fi tting initials: MMM.  
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    Chapter 31   
 Chocolate: Psychopharmacological Aspects, 
Mood, and Addiction       

      Nuno   Rodrigues-Silva            

 Key Points 

    Chocolate has speci fi c orosensory qualities that provide strong hedonic effects, which in turn relate • 
to changes in the opioidergic and dopaminergic systems. This may induce soothing effects, which 
are especially relevant to people with certain types of mood depression (e.g., atypical 
depression).  
  Chocolate consumption may be a personality marker of high neuroticism and represent a strategy • 
to cope with the propensity to experience intense negative emotions.  
  Regarding the psychoactive substances present in chocolate, at least methylxanthines (theobro-• 
mine and caffeine) have signi fi cant psychopharmacological effects. Methylxanthines have an 
impact on mood and improve performance in speci fi c tasks. Methylxanthines may therefore play 
the role of chocolate as an “energizer.”  
  Chocolate addiction should be regarded as an inaccurate and misleading term. “Moreishness” may • 
be a better term. It translates as the ambivalence associated with the desire to eat more chocolate 
(due to high palatability) and self-imposed dietary restraint (due to personal and cultural beliefs), 
which limits chocolate intake before satiation is attained, making the “desire for chocolate” more 
salient (craving).  
  The orosensory qualities of chocolate are uncontested determinants for chocolate liking, but • 
 methylxanthines also contribute to an acquired taste for chocolate liking.  
  PEA and anandamide are unlikely to exert signi fi cant biological effects. Also, an increase in brain • 
serotonin related to carbohydrates after chocolate consumption is unlikely to occur.  
  Anandamide-related compounds, salsolinol, THBCs, and magnesium cannot be discarded as • 
 effective psychoactive agents (see Table  31.1 ).     
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    Introduction 

 In 1753, Carl Linnaeus named it Theobroma cacao, “food of the gods.” Chocolate’s medicinal 
applications can be traced back to the Aztecs, who used it to promote strength before military and 
sexual conquests, among many others  [  1  ] . The Badianus Codex (1552) noted the use of cacao  fl owers 
to treat fatigue, and subsequent sixteenth- to early twentieth-century manuscripts consistently 
suggested that chocolate stimulated the nervous systems of apathetic, exhausted, or feeble patients  [  2  ] . 
Until the eighteenth century, chocolate had been consumed as a medical beverage. From this time on, 
chocolate became closely linked with milk, and Van Houten re fi ned chocolate into a more digestible 
form, mixing the beans with potash. This powder soon became known as cocoa and was promoted as 
“the food prescribed by doctors.” Subsequently, there was a shift to industrial marketing campaigns 
about the bene fi ts of chocolate as a nutritious food  [  1  ] . By the middle end of the twentieth century, the 
widespread supposed bene fi ts of chocolate became the interest of scienti fi c research. Psychoactive 
components in chocolate have been proposed to explain its effects on mood, cognition, and behavior. 
 b - phenylethylamine and other biogenic amines, anandamide, and related derivatives were the most 
proclaimed, owing to their interesting pharmacodynamic properties. Many conclusions were hastily 
drawn. This jump to conclusions happened as pharmacokinetic properties were not taken into account, 
and the mere presence of a psychoactive substance was confounded with effective biological actions 
after chocolate ingestion. Theobromine, a rather speci fi c methylxanthine to chocolate, was discarded 
as not possessing signi fi cant pharmacological activity, and less interest was drawn to it, compared to 
caffeine. However, recent research is refocusing on theobromine and caffeine as suitable pharmaco-
logic agents to explain at least part of the psychoactive effects of chocolate and its additive or syner-
gistic interactions with each other. 

 In addition to its rich composition, chocolate also has highly palatable characteristics, from  fl avor 
to texture, related to its sweet and fat composition, that elicit strong hedonic effects. Much research 
also focuses on these qualities to explain chocolate liking and emotional eating. 

 The main objective of this chapter is to provide an overview of the accumulated research on choco-
late’s psychopharmacological properties, its effects on mood, and a discussion regarding chocolate 
craving and addiction.  

   Orosensory Properties and Hedonic Effects of Chocolate 

 Chocolate ful fi lls two innate preferences: one for sweet taste and one for creamy texture, making 
chocolate one of the most palatable foods available  [  3  ] . Each food has its own characteristic orosen-
sory properties, and as such, chocolate has speci fi c orosensory properties. However, its speci fi c com-
position makes it, probably, the most palatable food in the world. Palatable foods overturn regulatory 
mechanisms of appetite control and also stimulate neural systems implicated in drug dependence. 
Some researchers see foods high in fats and sweet as similar to drugs of abuse  [  3  ] . Ingestion of food, 

   Table 31.1    Chocolate types: Differential properties   

 Dark chocolate  Milk chocolate  White chocolate 

 Micronutrients a   +++  ++  + 
 Sugar/fat b   +/++  +++  +++ 

   a  These refer to potentially psychoactive constituents in chocolate via direct or indirect mechanisms and discussed in the 
text below 
  b  Sugar and fat relate to the orosensory properties of chocolate and its hedonic effects  
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particularly sweets, can induce the release of endogenous opiates  [  4  ] . However, palatability and not 
merely the presence of sweetness seems to be the most important factor in inducing neural changes in 
the opioid structures  [  5  ] . Opioid antagonists are stated to block the hedonically driven component of 
overeating  [  3  ] . Besides endorphins, other substances, like dopamine, critically contribute to hedonic 
responses  [  6  ] . It has been suggested that endorphins enhance dopaminergic activity in the mesolimbic 
pathways to alter the reward value of food  [  7  ] . 

 Hedonic effects have been postulated to be major determinants of mood changes immediately after 
chocolate ingestion. It has been found that the positive changes in mood after chocolate consumption 
were more pronounced a short time (5 and 30 min) after ingestion, sustaining the point that early 
mechanisms, such as orosensory stimulation, contribute to a greater extent than psychoactive sub-
stances contained in chocolate  [  8  ] , which would take longer to exert its effects. However, one may 
argue that rather than orosensory stimulation, memory and reward anticipation of chocolate effects 
could also induce earlier than expected positive emotions due to psychoactive substances present in 
chocolate. To ascertain if anticipation of nutrient-derived changes or psychopharmacologic substances 
occurs immediately after chocolate consumption, it should be evaluated if regular chocolate consump-
tion relates to stronger conditioned responses.  

   Chocolate Craving and Addiction 

 Why do people crave chocolate? This is an intensely debated question. Probably the solution relies in 
multiple answers, depending on the speci fi c subject and context. One view regards craving for choco-
late and carbohydrates in general as a homeostatic response to nutrient de fi ciency (e.g., magnesium 
de fi ciency). 

 Although psychoactive substances present in chocolate have been speculated to explain chocolate 
craving, most of the time with insuf fi cient evidence, the orosensory effects of chocolate and the cor-
responding strong hedonic effects elicited have been proved by solid evidence to be the hallmark of 
chocolate craving and even chocolate addiction (“chocoholism”)  [  9  ] . Many experts claim that the 
orosensory properties of chocolate and the desire for sensory grati fi cation for chocolate are suf fi cient 
to explain the motivation to eat chocolate  [  7  ] . 

 The theory of emotional eating states that certain individuals eat to cope with stress and negative 
emotional experiences. It has been noticed that during negative mood states, preferences for “junk 
food” arise; during positive mood states, there is a preference for healthy food  [  10  ] . It was argued that 
food rich in carbohydrates elicits nutrient-dependent changes in neurotransmitter systems, mainly 
through an increase in serotonin synthesis  [  11  ] , and subsequently can have an impact on mood. 
Additionally, hedonic effects provided by highly palatable food have a neurochemical impact on opi-
oid and dopaminergic systems, providing a soothing strategy to counteract negative mood states  [  12  ] . 

 Besides the hedonic effects of chocolate and nutrient-dependent changes in neurotransmitters 
systems, evidence supports that at least some psychoactive constituents present in chocolate may con-
tribute to chocolate liking. In a well-designed study, it was shown that methylxanthines (theobromine 
and caffeine) in amounts found in a 50-g bar probably contribute to chocolate liking. This effect was 
highly signi fi cant and reinforced with repeated exposition  [  13  ] . In this way, methylxanthines present 
in chocolate are probably related to an acquired taste for chocolate, besides its innate appeal (fat and 
sugar). 

 One may argue that if psychoactive substances were involved in chocolate craving, then chocolate-
containing cocoa powder would satisfy craving and black chocolate would be the most preferred and 
“addictive.” However, milk chocolate is the most preferred, compared to dark and white chocolate  [  9  ] . 
On the other hand, why is milk chocolate preferred to white chocolate? If the orosensory properties of 
chocolate, like sweetness and texture produced by fat, are the factors involved in chocolate liking, 
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why do people not prefer white chocolate as much as milk chocolate, as the orosensory properties are 
similar? One plausible explanation for this is that milk chocolate concentrates all the important con-
stituents and characteristics related to chocolate liking separately present in white and black chocolate. 
It is a highly palatable food due to its appealing orosensory properties (sugar provides sweetness, and 
fat provides texture, derived from cocoa butter, a major component of white chocolate), and it con-
tains effective psychoactive substances, theobromine and caffeine (and all the other psychoactive 
compounds with possible biological actions) derived from cocoa solids, the major constituent of dark 
chocolate (Table  31.1 ). 

 Does chocolate addiction exist? Although apparent similarities exist between drug use and choco-
holism, like mood effects, external cue control of appetite, and reinforcement, the majority of cases 
reported as “chocoholism” should not be viewed as addictive. A different perspective on this has 
been proposed, giving a prominent role to psychological processes of ambivalence and attribution 
operating together with normal appetite control mechanisms, hedonic characteristics of chocolate, 
and socially and culturally determined perceptions of the appropriate intakes  [  14  ] . Besides a wide 
overlap of the brain circuits underlying the rewarding effects of drugs and food, “chocoholism” 
should not be viewed as an addiction because it lacks crucial processes central to drug addiction, like 
neuroadaptive changes and withdrawal effects. Moreover, most so-called chocoholics eat moderate 
amounts of chocolate, as the study showing highest average amounts of chocolate consumption 
reported to be 12.5 bars per week, a rather moderate amount. However, very rare cases show incred-
ibly high amounts of chocolate intake (70 bars per week), and a morbid process should be involved 
in this cases  [  15  ] . 

 Why do so many people claim to be chocolate addicts? On the one hand, chocolate consumption 
is thought to be pleasurable and to increase energy; on the other hand, guilt is elicited by virtue of its 
culturally bounded connotations, such as its link to obesity and “sweet tooth,” providing the ground 
for ambivalence towards chocolate consumption (“nice but naughty”). Moment to moment, eating is 
regulated by the orosensory effects of food, which provide positive feedback, and the post-ingestive 
effects of food, which contribute to negative feedback. When this balance changes in favor of the post-
ingestive effects, satiety occurs. The more palatable the food is, higher post-ingestive effects will be 
needed to induce satiety (i.e., a greater amount of food)  [  7  ] . This is the case for chocolate, a highly 
palatable food that consequently requires high intake amounts to attain satiety. However, this is not a 
staple component of the diet but something that “should be eaten with restraint,” and “I would like to 
eat more but I can’t” settles in. This will not stop the desire to eat chocolate, and it will make it even 
more salient, a craving-like feeling builds up. So, when one attempts to explain one’s dif fi cult-to-
resist relationship with chocolate, one erroneously states it as an addiction. According to this view, 
chocolate is the most craved food because it relates to the highest positive difference between 
palatability and eating restraint, as the eater limits chocolate consumption long before the appetite for 
it has been satiated. This concept is best re fl ected by the term “moreishness.”  

   Psychoactive Constituents in Chocolate 

 Chocolate is abundant in psychoactive compounds, which favored rich speculation. In this regard, 
research focus has changed over the years, from appealing and exotic hypotheses regarding anand-
amide and 2-phenylethylamine to methylxanthines. 

 Several compounds have been identi fi ed in chocolate as potentially exerting psychoactive effects 
(Table  31.2 ). Nevertheless, the mere presence of psychoactive substances does not mean psychoactiv-
ity. This and sparse research on these compounds led to much more speculation than solid evidence, 
as, based on research results, at present one can only, with few exceptions, hypothesize but not  fi rmly 
conclude. Now, it would be very important for research to “ fi ll the gaps” and ascertain whether each 
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compound present in chocolate with psychoactive properties has signi fi cant biological effects after 
oral ingestion, as consumed in everyday life.   

   Biogenic Amines: 2-Phenylethylamine 

 2-Phenylethylamine (PEA) is an endogenous trace amine present in the human brain  [  16  ] . It is a com-
mon constituent of several foods like chocolate, cheese, and wines. Chocolate is the food with highest 
reported amounts of PEA, containing on average 3.5–8.02  m g/g  [  17  ] , even though this is a smaller 
amount than previously reported by the British Food Manufacturing Industries Research Foundation 
 [  18  ] . PEA is called the “endogenous amphetamine” because research has focused attention on its 
amphetamine-like actions. A great deal of interest regarding PEA was generated when G-protein-
coupled receptors speci fi c to PEA were discovered  [  19  ] . 

 PEA occurs in trace amounts in the brain tissue and has a heterogeneous distribution, with the 
highest concentrations in mesolimbic structures, where monoamines are also abundant. PEA is syn-
thesized by the decarboxylation of phenylalanine in dopaminergic neurons and rapidly metabolized 
by monoamine oxidase type B (MAO-B), an enzyme that possesses high af fi nity for PEA. The uptake 
and release of noradrenaline (NA), dopamine (DA), and serotonin (5-HT) is signi fi cantly induced by 
PEA  [  20  ] , and it can also interact directly with receptors of several of the monoamines, such as direct 
DA receptor agonism  [  21  ] , and could be a modulator of monoamines neurons. However, all the actions 
of PEA mentioned above occur at concentrations at least 100 times higher than occur endogenously, 
except in situations where PEA levels are very high, like after MAO-B inhibition. 

 Early research found low levels of PEA in depression and high levels in mania  [  22  ]  and also a rela-
tion to antipsychotic effects  [  20  ] . Speculation regarding PEA and psychiatric disorders was greatly 
promoted by Liebowitz and Klein  [  23  ] , who named an affective disorder as “hysteroid dysphoria” 
characterized by an attention-seeking behavior, depressed mood reactive to feelings of rejection, and 
frequently associated to sweet craving, especially chocolate, a source of PEA  [  24  ] . Also, PEA was 
related to feelings of euphoria as experienced in sexual activity, mainly in animal studies where PEA 
was injected in the brain  [  25  ] . 

 A recent study showed that acute intravenous administration of PEA induced a signi fi cant increase 
in striatal 5-HT level and chronic administration led to the opposite, as well as several behavioral 
changes. However, when PEA was orally administered, there was no difference  [  19  ] . The ingestion of 
PEA in chocolate, although present in relatively high concentrations, seems irrelevant in healthy 
people since biogenic amines are rapidly and ef fi ciently metabolized by fairly abundant MAO-B 
enzymes in the mucosa of the small intestine, in the liver, and in the kidney  [  26  ] . 

 Speculation regarding PEA-mediated chocolate effects is not supported by research, and intrave-
nous or intracerebral injection and oral administration are quite different things. As even researchers 
jumped to conclusions regarding PEA effects and food containing PEA, also popular beliefs 
regarding PEA rapidly grew, relating it to love, sex, and romance and claiming chocolate as a “sex 
substitute” [  27  ] . 

 To summarize, PEA is not a probable candidate to explain, even partially, the psychoactive or any 
other effects of chocolate in humans. A few exceptions should be considered: individuals with altered 
gastrointestinal anatomy (e.g., gastric ulcers) or physiology; those on MAO-B inhibitor medication 
 [  28  ] ; also some individuals with a constitutional de fi ciency in MAO-B activity, as some people may 
experience PEA-induced migraine associated with decreased MAO-B activity  [  18  ] . 

 Tyramine is also present in chocolate (3.8  m g/g) in milk chocolate  [  17  ] , but in much lower amounts 
than other foods like cheese (0–624  m g/g)  [  29  ] . Tyramine effects vary with the menstrual cycle, with 
sensitivity higher in the perimenstrual period  [  9  ] , but it is unlikely to play any role as a psychoactive 
agent as present in chocolate in daily regular amounts. 
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   Anandamide and Related Compounds 

 Anandamide is thought to be an endogenous neurotransmitter or neuromodulator acting on cannabi-
noid receptors, mimicking the effects of plant-derived cannabinoid drugs  [  30  ] . 

 In 1996, a scienti fi c correspondence in  Nature  brought chocolate and cannabinoids-like compounds 
to the scene. The authors showed that chocolate contains anandamide and two related compounds, the 
latter in higher concentrations than anandamide. White chocolate did not contain any of these com-
pounds  [  31  ] . This study provided evidence for the presence of new compounds possibly explaining 
chocolate effects in the brain and behavior, via direct (anandamide) or indirect (two related com-
pounds) effects in the cannabinoid system. The two related compounds mentioned are 
N-acylethanolamines, N-oleoylethanolamine and N-linoleoylethanolamine and do not activate the 
cannabinoid receptors, but they have been found to inhibit signi fi cantly anandamide hydrolysis in rat 
brain cells, indirectly increasing anandamide levels  [  32  ] . However, the question remained whether the 
concentrations of these compounds would be suf fi cient to produce signi fi cant effects in vivo. 

 This research opened ground to new claims regarding chocolate. A short time after, this was even 
used as an argument in a Belgium court. The defendant’s lawyer, to clear the accused of dealing and 
smoking marijuana after a positive cannabinoids urine immunoassay screening test, claimed that    the 
client ate a large amount of chocolate, which would increase, directly and/or indirectly, endogenous 
cannabinoids (anandamide), leading to a false-positive cannabinoid (plant-derived) test  [  33  ] . 
Obviously, the lawyer’s lack of preparation in the  fi eld led him to a completely misleading interpreta-
tion. Anandamide and  D  9 -THC (and metabolites), although with similar actions and effects, could not 
be assumed to cross-react. Anyway, laboratory con fi rmation was performed, and no cross-reactivity 
was found. 

 Anandamide is present in chocolate in minute amounts, approximately 0.05  m g/g, and its bioavail-
ability is about 5%. Regardless of the bioavailability, if we assume anandamide as bioavailable and 
potent as THC, the necessary chocolate amount to be ingested, to get the minimum blood level neces-
sary for a person weighting 70 kg to experience a “high,” would be 25 kg  [  27  ] . This makes anand-
amide as present in chocolate very improbable to be directly related to the psychoactive effects of 
chocolate. 

 Remarkably, the two N-acylethanolamines related to anandamide are present in chocolate in much 
higher amounts, possibly in a magnitude of 10 3 –10 4  times  [  31  ] , meaning that a 25-g chocolate bar may 
have more than 1 mg of this compound. The concentration of N-linoleoylethanolamine that inhibits 
anandamide hydrolysis by 50% is  » 5  m M  [  31  ] . This makes it more reasonable for these compounds to 
increase indirectly anandamide’s concentration in the brain. Nonetheless, for now, this can be only 
speculation, and further research needs to elucidate the pharmacokinetics of these compounds after 
oral consumption of chocolate.  

   Salsolinol and Tetrahydro- b -Carbolines 

 Salsolinol (SAL) and tetrahydro- b -carbolines (THBCs) are morphine-like alkaloids, produced endog-
enously as a condensation product of acetaldehyde with dopamine or between acetaldehyde and 
indoleamines  [  34  ] , respectively, and have been speculated to play a role in the etiology of alcohol 
dependence  [  35  ] . THBCs are present in chocolate in variable amounts depending on chocolate type 
(1.4, 5.5, and 3.3 mg/kg for white, milk, and dark chocolate, respectively)  [  36  ] . SAL is present in 
chocolate in higher amounts than THBCs and also differs in white, milk, and dark chocolate (5, 20, 
and 25 mg/kg, respectively)  [  37  ] . Based in the possible, but still controversial, role in alcohol depen-
dence, SAL has been hypothesized as a potential agent involved in the psychoactive effects of choco-
late. SAL has been shown to have reinforcing properties when administered in the central tegmental 
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area, mediated by the activation of DA neurons and local 5-HT3 receptors  [  38  ] . SAL is a dopaminergic 
compound, which binds to dopamine receptors, mainly the D3 receptor, and it also inhibits the forma-
tion of cAMP, the release of  b -endorphin and ACTH by the hypophysis  [  37  ] . 

 A critical step to hypothesize chocolate as having those effects would be SAL and/or THBCs blood 
levels to rise after oral intake of chocolate. The literature remains scarce regarding this, but a recent 
study shows that the consumption of bananas, which, depending on the maturation phase, contain 
SAL in amounts as high as approximately 4 mg/kg (sum of both enantiomers), signi fi cantly raised 
plasma SAL levels after oral ingestion. The study was performed in humans, but a parallel study in 
rats also showed a drastic increase in SAL blood levels, but did not relate to increased levels in the 
brain, precluding the link necessary to establish the plausibility for psychoactive effects induced by 
SAL from a dietary source  [  35  ] . Although alcohol has been reported to increase SAL and THB in 
certain areas of the brain  [  39  ] , this is likely to be derived from in situ synthesis  [  40  ] . This study sup-
ported the idea that peripheral SAL may not signi fi cantly contribute to the brain SAL concentration. 
Nevertheless, the study included a small sample, 11 people and 5 rats, for both the control and 
experimental groups and reported that amounts of SAL in chocolate are considerably higher than for 
bananas. 

 Besides this, THBCs also act as mild MAO inhibitors that could lead to increased PEA levels 
through inhibition of metabolization by MAO-B, amplifying PEA’s effects  [  27  ] .  

   Methylxanthines in Chocolate: Theobromine and Caffeine 

 Methylxanthines are among the most widely consumed psychoactive substances in the world  [  41  ] . 
Although caffeine can be found in several products like coffee, tea, and guarana, theobromine is con-
sumed only in cocoa. Contrary to other compounds present in chocolate with potential psychoactive 
effects, methylxanthines have been studied more extensively (mainly caffeine) regarding its pharma-
codynamic and pharmacokinetic properties. 

 Theobromine was put aside since early research which regarded it devoid of signi fi cant effects in 
the CNS  [  42  ] . However, research on theobromine is reemerging, and a reappraisal of the issue may 
reveal new and exciting insights. Chocolate represents the richest food source of theobromine and the 
main source of theobromine in our diet. A 50-g dark chocolate bar contains 17–36 mg of caffeine and 
237–519 mg of theobromine  [  43,   44  ] . 

 Theobromine slowly increases after oral administration, with peak concentration about 3 h after. 
Interestingly, it has been found that theobromine absorption from chocolate was faster and produced 
higher maximum plasma concentrations compared to theobromine in capsules, peaking after 2 h. 
   In contrast, caffeine is rapidly absorbed, and peak plasma concentration occurs in about 30 minutes, 
although there is con fl icting evidence in this point  [  45  ] ; however, if ingested in chocolate, the absorp-
tion is delayed and peaks approximately 1.5–2 h after, and it produces lower maximum plasma con-
centration  [  46  ] . Theobromine attained roughly four times higher concentrations than the maximum 
plasma levels for caffeine  [  47  ] . The clearance rate in acutely administered theobromine is half of that 
for caffeine (1.2 mL/min/kg for theobromine) and, unexpectedly, reduces upon chronic administration 
(1.2 to 0.75 mL/min/kg), although variability between subjects is high  [  27  ] . 

 The median discriminative threshold dose of caffeine in capsules is 18 mg  [  47  ] . As peak plasmatic 
levels of caffeine after chocolate consumption are approximately 75% of those after caffeine capsules 
ingestion, the threshold for the psychoactive effects of caffeine present in chocolate should be higher 
than 18 mg. Nevertheless, a chocolate bar normally contains 36 mg of caffeine  [  46  ]  and therefore 
should contain the necessary dose to produce subjective effects. For theobromine, the median dis-
criminative threshold dose has been found at 560 mg, but a 50-g chocolate bar contains approximately 
237–519 mg (and less in milk chocolate). Nevertheless, two points should be made on this, the 
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discriminative dose for theobromine was shown to be quite variable and may be much lower (100 mg) 
for sensitive individuals  [  47  ] . Also, discriminative doses have been evaluated for theobromine and 
caffeine separately; however, the overlap in their mechanisms of action may entail important additive 
or even synergistic effects, resulting in lower discriminative doses for each of these compounds, 
which should be a subject for further study. 

 Regarding its pharmacodynamic properties, caffeine and theobromine competitively antagonize 
adenosine effects at both the A 

1
  and A 

2A
  receptors  [  48  ] . High doses of caffeine can also activate 

phosphodiesterase, but this is usually not the case with normal human caffeine consumption  [  49  ] . 
In general, caffeine’s potency is considerably higher than theobromine, up to a 10:1 relation. However, 
speci fi c af fi nities to adenosine receptors A 

1
  and A 

2A
  differ for caffeine and theobromine. Compared to 

caffeine, theobromine is at least ten times less active at the A 
2A

  receptor but only two to three times 
less potent at the A 

1
  receptor  [  50  ] . On the contrary, theobromine is present in much higher concentra-

tions in chocolate, a 10:1 ratio on average  [  27  ] , but peak plasma concentrations of theobromine 
compared to caffeine after chocolate consumption, due to slower absorption and less bioavailability, 
diminish this difference to a 4:1 ratio. Taking this into account, we can roughly say that it is reasonable 
to assume that theobromine is at least (or even more) as potent at the A 

1
  receptors as caffeine  [  49  ] . 

 Adenosine has been postulated to be a homeostatic regulatory factor to match the rate of 
energy consumption to substrate supply. Adenosine exerts quite complex actions in the SNC, but in 
general, adenosine has an inhibitory effect on transmitter release, and there is some evidence to sug-
gest that the release of excitatory neurotransmitters is more strongly inhibited than inhibitory 
neurotransmitters  [  51  ] . Adenosine A 

1
  receptors are found in almost all brain areas, with highest levels 

in the hippocampus, cerebral and cerebellar cortex, and some thalamic nuclei. Only moderate levels 
are found in the dorsal striatum and nucleus accumbens. Adenosine A 

2A
  is located in dopamine-rich 

regions of the brain and, more speci fi cally, is colocalized with some dopamine D 
2
  receptors  [  49  ] . 

Methylxanthines increase the turnover rate of monoamines; the rate of  fi ring of noradrenergic neurons 
in the locus coeruleus increases as well as the mesocortical cholinergic neurons. The evidence is 
strong relating A 

1
  receptors and dopamine D 

1
  receptors, also affecting glutamate and GABA 

systems  [  49  ] . 
 It has been shown that caffeine consumption (at 75 and 150 mg) improved mood and reduced 

tenseness, but this might be no more than withdrawal reversal, and controversy still runs on this issue. 
Psychomotor and cognitive performances are well-studied topics, including mental arithmetic, learn-
ing and information processing, reaction times, hand steadiness, and tapping rate. In general, there is 
a positive trend in performance during these tasks  [  52  ]  and systematic analysis of the different com-
ponents of such tasks suggests that caffeine may improve sensory input and motor output without 
altering central processing functions  [  53  ] . Of note, during long-term administration of caffeine, there 
is an effect inversion regarding some effects related to adaptive changes in the brain that can be 
bene fi cial rather than detrimental, e.g., while acute doses increase seizure susceptibility, long-term 
use leads to decreased seizure susceptibility  [  49  ] . There is accumulating evidence that caffeine use 
may reduce suicidal tendencies, perhaps acting as antidepressant  [  49  ] . 

 It has been stated that methylxanthines are the psychopharmacological active constituents of choc-
olate. In a well-designed study, encapsulated cocoa powder representative of a 50-g bar of dark choco-
late was compared to placebo to evaluate its effects in mood and subjective alertness and performance 
in simple reaction time and rapid visual information processing tasks. Cocoa powder in capsules was 
used to distinguish the effects of active compounds in chocolate from its orosensory properties. Strong 
effects were found for the mood construct energetic arousal and the simple reaction time task (but not 
for the rapid visual information processing task). Remarkably, in a subsequent study, the administra-
tion of capsules containing the same amount of caffeine and theobromine as in the cocoa powder 
capsules showed superimposable effects  [  54  ] . This provided clear evidence that a 50-g bar of dark 
chocolate has measurable psychoactive effects and that methylxanthines contribute to it. Nevertheless, 
we cannot assume that all the psychopharmacological effects of chocolate are due to methylxanthines 
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because performance in other domains were not tested, and so one cannot disclose nonstudied psy-
choactive effects of other compounds present in chocolate. 

 In brief, methylxanthines are present in chocolate in biological relevant amounts and are well 
absorbed in the bloodstream, reaching the CNS to act as nonselective adenosine receptors antagonists, 
which will act on multiple neurotransmitter systems like the dopaminergic and exert effects in mood, 
cognition, and behavior. 

 Methylxanthines have been used for a long time to promote wakefulness. Caffeine and theobro-
mine act as adenosine receptors as antagonists, which is believed to be the cause of its counteracting 
effects on sleep  [  55  ] . 

 The waking-maintaining cell groups in the brainstem consist of serotonin, noradrenaline, and ace-
tylcholine neurons. Additionally, in the hypothalamus/basal forebrain, histamine, orexin, and 
acetylcholine neurons also serve this function. Adenosine receptors are present in all of these neurons, 
making them targets for caffeine and theobromine, as antagonists at these receptor sites  [  55  ] . The 
cholinergic basal forebrain is probably one major area for mediating the sleep-inducing effects of 
adenosine by inhibition of these wake-promoting neurons via the A 

1
  receptor  [  48  ] . In the meanwhile, 

this view has been challenged in A1-receptor knockout mice, in which caffeine did not affect vigi-
lance, but did reduce sleep in A 

2A
 -receptor knockout mice, regarding A 

2A
  receptors as major players 

in the vigilance state  [  56  ] . 
 Homeostatic sleep drive is an important feature of sleep regulation, which increases the drive for 

sleep as the day goes on, presumably due to fatigue, diminishing at night with rest. Homeostatic sleep 
drive is often described as sleep propensity or “sleep pressure” and it is necessary for initiation of 
sleep. Adenosine is linked to homeostatic drive and appears to accumulate as this drive increases dur-
ing the day and to diminish with rest  [  57  ] . 

 It is well known that caffeine ingested at bedtime affects sleep negatively. Generally, more than 
200 mg of caffeine is needed to affect sleep signi fi cantly. The most prominent effects are shortened 
total sleep time, prolonged sleep latency, increases of the initial light sleep EEG stages, and decreases 
of the later deep sleep EEG stages  [  49  ] . 

 Extensive research of caffeine effects in sleep can be found in the literature, but theobromine has 
been scarcely studied in this domain.   

   Nutrient-Dependent Chocolate Effects on Neurotransmitters 

   Magnesium 

 Chocolate has one of the highest magnesium levels reported of all foods, approximately 100 mg/g 
 [  58  ] , except white chocolate, which contains magnesium in much lower amounts, about 12 times 
lower than milk chocolate  [  59  ] . Magnesium de fi ciency results in selective depletion of dopamine in 
the CNS, a major neurotransmitter involved in euphoria, satisfaction, and addiction  [  60  ] . Additionally, 
magnesium de fi ciency is related to anxiety  [  61  ] , and its administration has been related to reduced 
hyperexcitability in children  [  62  ]  and attenuated posttraumatic depression/anxiety in rats  [  63  ] . It has 
been speculated that chocolate consumption could be induced in part by magnesium de fi ciency  [  64  ] , 
and in some cases, doses of magnesium relieved chocolate craving  [  65  ] . Furthermore, magnesium 
de fi ciency has been associated to the premenstrual syndrome  [  66  ] , which in turn has been related to 
increased craving for chocolate  [  67  ] . However, this craving was not speci fi c for chocolate, and it was 
more generally related to sweet foods, most of them with insigni fi cant levels of magnesium. Moreover, 
many other foods high in magnesium are not craved during the premenstrual syndrome. 
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 Stress-induced magnesium de fi ciency is another hypothesis linking chocolate craving to magnesium 
as glucocorticoids and mineralocorticoids increase renal excretion and reduce the intestinal absorp-
tion of magnesium  [  68,   69  ] . However, these are only disparate unrelated  fi ndings, and using the scarce 
evidence available, there is no suf fi cient evidence to suggest that magnesium is implicated in craving 
for chocolate and its psychoactive effects.  

   Carbohydrates and Serotonin 

 Chocolate is a prototypic sweet food and, pertaining to a general effect as a carbohydrates-rich food, 
could lead to an increase in serotonin synthesis  [  12  ] . 

 The ingestion of carbohydrates stimulates the release of insulin which, along with its anabolic 
effects, promotes amino acids in the blood to enter muscle cells, except for tryptophan  [  70  ] . This will 
cause a relative increase of tryptophan over other amino acids, which compete for passing the blood–
brain barrier. As a consequence, more tryptophan enters the brain, and there is an increase in the 
synthesis of serotonin  [  71  ] , a neurotransmitter postulated to have a major role in mood disorders and 
a target of many psychopharmaceuticals. 

 However, these effects only occur if the ingested high-carbohydrate food is also low in protein, as 
demonstrated by a study showing that the ingestion of a mixture of carbohydrates and as low as 6% 
protein reversed the increase in serotonin synthesis  [  72  ] . This probably occurs because in general food 
protein has relatively less tryptophan than other amino acids, neutralizing the effect of relatively high 
blood tryptophan concentrations induced by insulin secretion  [  73  ] . 

 This last consideration is important as chocolate’s protein content is generally greater than 6%, 
which possibly precludes any effect on serotonin synthesis via the mechanism described above.   

   Chocolate, Mood, and Emotions 

 It is widely claimed that chocolate is a stimulant, euphoriant, tonic, and antidepressant. However, this 
is a widely debated matter. Many studies reported that chocolate has an impact in the emotional state, 
although it is unclear how these changes are mediated. Chocolate may relate to mood in several and 
very different ways. Besides positive emotional changes, also negative emotional changes are related 
to chocolate eating, normally elicited by guilt, associated with the desire for something that is cultur-
ally bounded with negative connotations related to body shape. 

 A large, well-designed, cross-sectional study, conducted in the United States, found that people 
with higher depression ratings consume more chocolate, extending both to men and women. Several 
nutrients that could confound these results, such as caffeine, fat, carbohydrate, and energy intake, 
were not related to mood symptoms, suggesting a speci fi c role for chocolate  [  74  ] . However, whether 
causality exists between the two variables cannot be ascertained by this study type. 

 In line with Liebowitz’ “hysteroid dysphoria,” [  23  ]  Parker et al. stated that chocolate craving in 
depressed people was an ef fi cient discriminator of atypical depression, identifying two-thirds of peo-
ple with three or more symptoms of atypical depression. Interestingly, chocolate craving was related 
to the personality high-order construct neuroticism, speci fi cally irritability and rejection sensitivity. 
Also, it was associated to the self-perception of chocolate as reducing anxiety and irritability and to 
the increased use of other self-soothing strategies  [  12,   75  ] . Neuroticism, along with its higher ten-
dency to experience negative feelings, has been related to higher reactivity of the limbic system. 
Chocolate craving in depression could be related to homeostatic strategies to reestablish emotional 
stability. 



432 N. Rodrigues-Silva

 Chocolate may be consumed to cope with negative mood as veri fi ed in a study, in which a negative 
induced mood state was reversed after chocolate eating. However, this effect was only veri fi ed after 
eating palatable chocolate, but not unpalatable chocolate. Nevertheless, this study reported only the 
very immediate effects of chocolate and provided more evidence for the importance of the hedonic 
effects of eating chocolate  [  76  ] . 

 When ingested in response to a dysphoric state as an emotional eating strategy, it has been stated 
that chocolate may provide transient relief but prolong rather that shorten the dysphoric mood  [  7  ] . In 
fact, several studies showed that resisting craving produced a more positive mood  [  77  ] . 

 However, data shown above should be cautiously interpreted, and chocolate should not be prema-
turely discarded of antidepressant activity. Chocolate’s mood effects need to be further explored as 
confusion reigns in this domain. Many conclusions about chocolate’s effects in mood have been 
extrapolated from observational studies and from studies focusing on high-energy or highly palatable 
foods. Quite different results have been found which may be related to a heterogeneous population 
consuming chocolate due to quite different purposes. Potential confounders are many and must be 
ascertained. Distinguishing between craver and noncraver populations and the subjects’ actual mood 
state should be de fi ned – whether mood varies in time with chocolate ingestion, are effects acute and/
or chronic, how long do the effects last, and differences after short-term and long-term administration. 
The latter seems relevant as research did not explore in a clinical trial setting the long-term effects of 
chocolate administration on mood, as the lack of an effect in the short-term does not imply the same 
in the long-term, being the case for antidepressant drugs taking at least 4 to 6 weeks to produce 
signi fi cant effects in mood.  

   Summary 

 Pharmacological effects of chocolate have been deducted merely acknowledging the presence of 
pharmacologically active compounds, potentially leading to a dramatic overestimation of their effects, 
regardless of the pharmacokinetic properties of its components and its minute quantities present in 
chocolate compared to biologically effective amounts, as was the case with PEA and anandamide. 

 A food like chocolate contains multiple constituents, and, therefore, different effects can be related 
to different compounds, and we should also account for possible additive or synergistic interactions 
between constituents. 

 Accumulating evidence points to complex effects related to chocolate eating. Both palatability and 
chocolate psychoactive constituents seem to account for chocolate’s effects. It may be stated that 
hedonic effects relate to immediate effects and psychoactive constituents (methylxanthines) have a 
more retarded effect. In line with this, eating chocolate may be associated with quite different motives 
and purposes due to its conjunction of disparate and heterogeneous properties and mechanisms, pro-
viding several possibilities for its use. 

 Future research still has a long way to run to clearly establish the effects of chocolate in mood, 
cognition, and behavior. As these are the oldest claimed effects of chocolate and although extensive 
research has been performed in this regard, uncertainty is the current state. 

 Although initially underestimated, methylxanthines are candidates as major determinants for the 
psychoactive effects of chocolate. Nevertheless, it needs to be evaluated to which domains of psycho-
motor and cognitive functioning do this effects extend and also to distinguish the role of theobromine 
and caffeine and the possible addictive or synergistic interactions of this substances, which act on the 
same receptors types. Additionally, research in methylxanthines as present in chocolate should be a 
major in fl uence and a model to research in other psychoactive substances, therefore providing well-
designed and consistent research, hopefully diminishing speculation and the establishment of 
well-grounded evidence.      
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    Introduction 

 Throughout history, individuals have attributed positive health bene fi ts to the virtues of chocolate 
consumption. According to one study, individuals who regularly consumed chocolate (and other 
candy) one to three times per month lived approximately  one entire year longer  than individuals who 
abstained from candy consumption. Of course, study participants who consumed chocolate and candy 
in larger quantities could not expect to live quite as long, but were still almost 20% more likely to 
survive the period of the longitudinal study than participants who completely abstained from eating 
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sweet treats  [  1  ] . This  fi nding suggests that consuming chocolate may have positive health effects, an 
idea that is supported by the utilization and prescription of chocolate (or its various components) for 
an abundant variety of medicinal uses, including analgesia or pain relief, by both ancient cultures and 
modern medicine. Of course, chocolate also has been reputed to trigger pain, particularly migraine 
headaches, though this claim has been largely disputed  [  2  ] . This chapter will focus on the pain- 
reductive, rather than pain-inductive, qualities of chocolate. In an effort to understand its analgesic 
effects, this chapter will examine chocolate’s compounds and their plausible effects on the human 
body and make a case for the most convincing mechanisms behind chocolate-related analgesia.  

   Evidence for Cocoa-Related Analgesia 

   Historical Uses of Cacao 

 The cultures that  fi rst identi fi ed and established cacao (the raw bean form of chocolate, originating 
from the  Theobroma cacao  tree) as a precious commodity were the  fi rst people to recognize its medic-
inal value. For example, the Mayans’ use of cacao is outlined in an ancient text known as the  Badianus 
Manuscript  or  Badianus Codex , dated from the middle part of the sixteenth century  [  3  ] . The text states 
that cacao (usually dried and crushed to a powder form and sometimes mixed with a fermented corn 
mash or wine to make a ritualized drink called  chocolatl)  was ordinarily used to treat painful 
 nutrition-related issues, including angina, constipation, dental problems, dysentery, indigestion, 
fatigue, gout, and lactation dif fi culties. The codex also states that cocoa contained powerful qualities, 
enabling it to decrease abdominal pain and increase alertness and courage. A Mayan language codex 
called the  Ritual of the Bacabs  was discovered in the Yucatan peninsula around 1914. The document 
included speci fi c instructions for the ritual use of cocoa to treat medical patients. Individuals with skin 
eruptions, fever, and seizures were chanted over, and then a mixture of cocoa, spices, honey, and 
tobacco juice was to be consumed by the patients  [  4  ] . 

 The  Florentine Codex , circa 1590, is another early text documenting the medicinal use of cocoa  [  5  ] . 
Though it was not written by indigenous people like the Mayan  Badianus Codex , the  Florentine 
Codex  was compiled by a Spanish priest who documented 60 years of ancient Aztec agriculture, 
botany, cultural practices, dietary patterns, and medicinal practices. According to the  Florentine 
Codex , the Aztecs used  chocolatl  to treat both the painful symptoms of gastrointestinal problems 
and the problems themselves. They also mixed cocoa with other plants to treat infection, fever, and 
cough  [  4  ] . 

 According to the account of the Spanish botanist Francisco Hernandez  [  6  ] , cacao was administered 
(as in indigenous cultures) to European patients for fever and liver issues. An American treatise on the 
plants growing in English plantations, titled  The American Physitian   [  7  ] , documents chocolate’s 
use as an “anodyne,” or pain killer, and widespread prescription in the 1600s as a “bromide,”or 
cure all  [  8  ] . Chocolate’s reputation as a bromide led to it continuing to be prescribed throughout the 
eighteenth and nineteenth centuries for an abundance of ailments, primarily indigestion and diarrhea, 
undernutrition, fatigue, and weakness  [  4  ] .  

   Modern Uses of Chocolate in Pain Relief 

 In the twentieth century and modern times, chocolate and its derivatives are still prescribed as a 
healthful beverage, and as a preventative measure against cardiovascular disease  [  9  ] . New data suggest 
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chocolate may be a bene fi cial prescription and have pain-relieving qualities, especially for sufferers 
of asthma, arthritis, heart disease, migraine, abdominal pain, toothache, and tempromandibular joint 
disorder, or TMJ. [  10–  12  ]  Although these studies were performed on animals, the analgesic properties 
of chocolate have bene fi tted people as well. Several studies have demonstrated that chocolate lowers 
blood pressure  [  13,   14  ] , which increases acutely in pain  [  15  ] . Chocolate has also been reported to 
increase insulin sensitivity in people  [  16  ] , which is in contrast to the insulin resistance observed dur-
ing acute pain  [  17  ] . It is worth mentioning, however, that chocolate’s analgesic effects have not always 
been observed in humans. At least one study has observed that cocoa’s addition to sucrose reduced 
pain tolerance in a cold-pressor test  [  18  ] . Still, given the number of historical and modern reports of 
the pain-relieving and medicinal properties of chocolate, it is worth examining the potential mecha-
nisms that could contribute to chocolate analgesia.   

   Mechanisms of Chocolate’s In fl uence on Pain 

 The mechanism underlying chocolate-related analgesia may include learning, essentially experiential 
associations with chocolate, which many people call a comfort food  [  19  ] . Alternatively, it is possible 
that the chemical compounds in chocolate directly interact with human physiology and are responsi-
ble for improving pain tolerance. These alternatives are not mutually exclusive, and it is quite possible 
that the mechanism of chocolate analgesia actually combines both possibilities. 

   Experiential Associations as a Mechanism for Analgesia 

 Commercially available chocolate is comprised of a number of components, including fats and sug-
ars, which are combined to produce an extremely palatable food product that is often high in calories. 
Over time, people are able to form associations between the ingestion of chocolate and the pleasure 
that comes from eating it. Pleasure in eating is associated with the opioid release that follows inges-
tion, a process that may have originated with the use of taste as an evolutionary signal for caloric 
value. 

   The Opioid Reward System 

 The opioid reward system likely plays a major role in how chocolate-based pain tolerance occurs. The 
most widely accepted reason for chocolate’s in fl uence on pain tolerance is its hedonic sensory appeal, 
which likely triggers the release of endorphins, similar to other pleasant-tasting or “liked” foods  [  20, 
  21  ] . These endogenous opioids not only produce a euphoric mood but also decrease sensitivity to 
pain, due to interaction with neurotransmitter systems in the brain  [  20,   22–  24  ] , and therefore could 
create an analgesic effect  [  25  ] . 

 Studies with lower mammals, such as rats, have shown that consuming sweet or pleasant foods can 
cause the release of endorphins within the reward centers of the brain  [  26  ] . It is believed that endor-
phins work two ways:  fi rst, by attaching to the opiate receptors in the brain, blocking pain-related 
chemical messages from being received, and second, by interacting with the opiate receptors to 
increase the synaptic rate of dopamine release  [  27  ] . Both of these mechanisms reduce the body’s 
perception of pain similarly to addictive drugs, such as morphine and codeine  [  27  ] . In addition, 
manipulating opioid levels through the administration of either agonists such as morphine or 
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antagonists such as naltrexone has a corresponding effect on the intake of sweet and other highly 
palatable foods, raising or lowering them, respectively  [  28  ] . A consumer’s experience of the food 
(whether or not it is pleasant tasting) is implicated in the release of endorphins in the brain, and thus, 
the effects of chocolate in an individual’s body can be increased or decreased by his or her pleasant 
experience of the food  [  21  ] . 

 Like other highly caloric sweet foods, chocolate consumption changes the balance of neurotrans-
mitters in the brain, decreasing negative affect and improving mood  [  19  ] . The ability of chocolate to 
alleviate a negative mood, or to lift the spirits, is believed to be due at least in part to the palatability 
of chocolate  [  29  ]  and the post-ingestive effects of endorphins. It is possible that these endogenous 
opioids could be directly activated by the chemicals in chocolate instead of associative learning. Yet 
because of the only trace amounts of chemical compounds in chocolate that could plausibly have an 
effect at the level of neural synapses  [  30  ]  and because the elevation in mood that chocolate consump-
tion provides is not prolonged  [  29  ] , it seems more likely that opiate involvement is related to an evo-
lutionary mechanism.  

   Evolutionary Signaling 

 The ability for palatable foods to increase endogenous opioids  [  26  ]  is presumably connected to an 
evolutionary survival mechanism: consuming foods with high nutritive, and often high caloric, value 
(such as chocolate chip cookies) was necessary for survival, and the brain rewarded these actions with 
both a euphoric rush and a reduction in pain  [  31  ] . 

 The sugars in commercially available chocolate are an integral part of the product, and it may be 
the typical association with the highly caloric sucrose that is responsible for chocolate’s reported 
analgesic effects. Numerous studies have shown that the sweet taste of sucrose increases pain toler-
ance  [  18,   32,   33  ] , particularly in people with high-sweet preferences  [  34  ] , while the taste of bitterness 
decreases pain tolerance  [  18,   33  ] . The administration of opioid antagonists (in humans) reduces pref-
erence for the taste of sweetness  [  35  ] , implicating the involvement of the opioid system in the con-
sumption of sweet foods. Although it is possible that the association with sucrose is responsible for 
the analgesia associated with chocolate, sucrose analgesia in a cold-pressor test has been shown to be 
impaired by the addition of cocoa  [  18  ] . The reduction in analgesia is possibly because, in this experi-
ment, the nutritive taste information transmitted from the sweetened cocoa beverage was complex; the 
bitter qualities of the cocoa were obvious and contradicted the sweet nutritive cues of sugar, decreas-
ing cold pain tolerance as compared to a plain sucrose solution  [  18  ] . 

 It is still possible that the learned nutritional value of chocolate, in terms of calories and other 
nutrients, may contribute to its success in pain reduction. Nutrition is critical for survival, yet many 
animals place themselves at risk in order to feed. Animals must obtain nutrients while at the same time 
protecting their well-being; however, feeding seems to trump escape behavior, because it is more 
essential for survival, and so, more immediately necessary, as opposed to merely protective  [  36  ] . 
Thus, the body suppresses pain in order to optimize feeding in potentially dangerous situations  [  36, 
  37  ] . For example, while feeding, rats’ withdrawal responses from noxious heat stimuli on the paw 
were either completely suppressed or greatly delayed  [  36  ] . In an animal model of migraine pain, male 
rats subjected to painful chemical injections continued to eat chocolate chips instead of tending to 
their injection site  [  38  ] . Recordings from pain-modulating neurons in the ventromedial medulla 
(VMM) of rats during feeding and exposure to noxious stimuli demonstrated that the cells suppressed 
responses to external stimuli during ingestion of food, as opposed to simply biting or nibbling it  [  36  ] . 
In subsequent studies, ingestion has been proved to be important to pain tolerance, but not suf fi cient; 
rather, the  expectation  of positive nutritional value was necessary to affect paw withdrawal 
latencies  [  37  ] . Both the medullary raphe magus (RM) in the brainstem and the opioid pathway have 
been implicated in hedonic ingestion analgesia in rodents  [  37  ] .   
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   Chemical Compounds in Chocolate as Mechanisms for Pain Relief 

 The pharmacological constituents present in chocolate may also play a role in its medicinal 
 capabilities. The compounds in pure cocoa, the form which would have been used by ancient indig-
enous and early European cultures, were undoubtedly in stronger form than they are in the processed 
and fat-integrated chocolate consumed today. The chemical compounds in cocoa of most interest for 
pain tolerance include the pleasure chemicals (phenylethylamine, anandamide, and tryptophan), the 
methylxanthines    (caffeine and theobromine), and the polyphenols, including  fl avonoids. 

   The Pleasure Chemicals 

 Phenylethylamine (PEA), anandamide, and tryptophan are the pharmacologic constituents considered 
the “pleasure chemicals” in chocolate. These compounds are also endogenous biogenic amines, natu-
rally occurring chemicals within the body, and act as sympathomimetic compounds, eliciting effects 
similar to the stimulation of the sympathetic nervous system through the activation of opioid systems 
in the brain and the resulting release of neurotransmitters  [  39  ] . 

 The biogenic amine  PEA  is similar to speed and heroin in that it triggers the release of natural opi-
ates in the brain, creating feelings of ecstasy  [  8,   40  ] . Phenylethylamine is assumed to stimulate the 
release of opiate-like endorphins in the brain, which results in a synaptic increase of dopamine  [  23  ] . 
However, although the pharmacological properties of PEA are similar to amphetamine, the amount of 
the chemical supplied in cocoa and commercially processed chocolate cannot in fl uence mood because 
of the body’s natural metabolism  [  41  ] . Not only is PEA broken down extremely rapidly in the blood-
stream but, in order to consume the minimal active dose (1 g) of PEA, an individual would have to 
rapidly consume an enormous amount (15 kg or 33 lb) of chocolate  [  41  ] . 

 Even though an individual cannot possibly obtain an active dose of PEA by consuming chocolate, 
there is evidence that  craving  for chocolate may be related to PEA. Phenylethylamine is a stimulant 
structurally similar to amphetamines and MDMA, and correlations in activation of brain areas related 
to addiction (primarily nucleus accumbens) between chocolate and MDMA have been observed  [  41  ]  
in which MDMA abusers had intense and episodic chocolate cravings and binges  [  42  ] . Furthermore, 
PEA’s stimulation of dopamine and noradrenergic pathways may establish it as a mood modulator, as 
depleted levels of PEA in the bloodstream are highly correlated with depression  [  39  ] . Some hypoth-
esize that abnormally low levels of PEA throughout the central nervous system may lead to chocolate 
craving (and binging or addictive behaviors) in an attempt to self-medicate against pain and regulate 
mood  [  39,   42  ] . Yet, this theory of chocolate craving still presents a paradox, because other foods, 
like cheeses and sausages, contain much higher levels of PEA but are not associated with craving or 
addiction  [  39  ] . 

  Anandamide  is another chemical present in chocolate that is naturally produced by the brain. It is 
almost identical in composition to tetrahydrocannabinol (THC), the active ingredient in 
marijuana  [  40  ] . Tetrahydrocannabinol and anandamide both bind to and activate the natural anand-
amide receptors in the brain, causing the release of pleasure chemicals and resulting in euphoria and 
heightened sensitivity  [  40  ] . 

 Because of the “high” associated with consumption of anandamide, it has been suggested that an 
increase in brain anandamide levels could increase the sensory properties of chocolate  [  40  ] . This relation-
ship may be related to craving, because if the positive hedonic value of chocolate is increased, the experi-
ence of chocolate consumption becomes more rewarding and endogenous opioids may also be increased. 
Furthermore, anandamide may interact with other biologically active constituents to produce a greater 
feeling of well-being. For example, the molecules N-oleoylethanolamine and N-linoleoylethanolamine, 
which are also found in chocolate, keep anandamide in the brain synapses longer than normal, preventing 
its normally rapid breakdown and prolonging the associated “high”  [  40,   43  ].  
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 Although both marijuana and chocolate have a chemical that produces an almost identical chemical 
effect in the synapses of the brain’s pleasure receptors, the visible physical effects of these substances 
differ. Chocolate seems to produce a much more mellow and longer-lasting sense of well-being than 
marijuana or other drugs  [  40  ] . This, however, may be attributed not only to the interactions of other 
chemical components but also to the small amount of anandamide in commercially available 
chocolate  [  40  ] . 

 The essential amino acid  tryptophan  is another “pleasure chemical” component of chocolate. 
Tryptophan naturally occurs in the human body and is essential to the manufacture of neurotransmit-
ters, especially serotonin  [  22  ] . Because the ingestion of tryptophan-containing foods leads to an 
increase in production of serotonin and melatonin (a neurotransmitter important to the circadian 
rhythm), tryptophan consumption is associated with feelings of sleepiness  [  22  ] . This relationship may 
explain why some physicians in ancient times viewed chocolate to have a soothing, tranquilizing 
effect or why the Mayan priests served it to victims just prior to their sacri fi ce  [  4  ] . However, the levels 
of tryptophan in chocolate are relatively low in comparison to other foods, like beans, turkey, or nuts, 
and the stimulant chemicals present in chocolate (such as caffeine) likely offset any major chemical 
depressant effect  [  40  ] .  

   Methylxanthines 

 Methylxanthines are naturally occurring stimulant compounds that excite the central nervous system 
resulting in elevated alertness and energy, such as caffeine and theobromine  [  24  ] . Stimulants work by 
causing central nervous system nerve  fi bers to release stimulating neurotransmitters, such as nora-
drenaline, which activate the sympathetic nervous system. Methylxanthines also compete with inhibi-
tory neuromodulators (such as adenosine), resulting in arousal  [  44  ] . Common physical effects of 
stimulants include diuretic effects, stimulation of cardiac muscle, and relaxation of smooth muscle 
(especially bronchial muscle). Although the effects of stimulants vary across individuals, most people 
experience increased voluntary muscle contraction, which increases an individual’s capacity for work 
and decreases fatigue, probably due to increased release of acetylcholine  [  44  ] . In other words, stimu-
lants commonly cause increased alertness, mood elevation, heart rate, and blood pressure, but may 
also cause unpleasant effects such as anxiety, jitteriness, heart palpitations, diarrhea, or increased 
urination  [  24  ] . Stimulants also may affect pain tolerance by increasing the speed at which pain- 
relieving actions in the body take place and by affecting the body’s vasculature. 

  Caffeine , a methylxanthine stimulant, is one of the major compounds in chocolate. The behavioral 
effects of caffeine consumption can be positive or negative, depending upon the dosage amount 
and other factors, which may include genetic predispositions and expectations  [  44  ] . A  dosage 
between 75 and 300 mg usually produces behavioral effects normally considered positive  [  44  ] : 
increased vigilance, alertness, arousal, and perceptual motor speed  [  45  ] . These behavioral reac-
tions are due to the stimulatory effects of caffeine, as the compound neurologically catalyzes the 
release of epinephrine. Caffeine blocks the adenosine receptors in the brain that naturally slow 
down and relax nerve cell activity, thus causing neurons to  fi re more quickly and release dop-
amine, a neurotransmitter that produces an emotional lift  [  45  ] . The stimulation of the sympathetic 
nervous system that results from caffeine consumption also triggers blood pressure elevation and 
increased heart rate, blood sugar level, and alertness  [  45  ] . Because the sympathetic nervous sys-
tem is activated, normal blood  fl ow is redirected from the digestive system to the muscles and 
brain, which is a likely explanation for caffeine’s association with enhanced mental and physical 
performance  [  45,   46  ]  and chocolate’s use by ancient cultures to treat stomach pain and gastroin-
testinal issues. Although caffeine consumption is generally correlated with elevated performance 
levels, excessive caffeine ingestion can produce negative behavioral effects, and doses of greater 
than 500 mg of caffeine commonly result in anxiety  [  45  ] . In studies of acute pain, caffeine 



44332 Chocolate and Pain Tolerance

appears to have an independent analgesic effect, with 65 mg of caffeine as effective as 648 mg of 
acetaminophen  [  47  ] . 

 Another methylxanthine compound found in chocolate is  theobromine , a stimulant compound 
similar to caffeine  [  43  ] . It would take about 214 mg of theobromine to equal the stimulatory effects of 
21 mg of caffeine (which is the approximate amount of caffeine in a 1.5-oz bar of dark chocolate, 
equivalent to the stimulatory effects of a can of soda). Whereas caffeine strengthens voluntary muscle 
contraction, theobromine relaxes smooth muscle tissue  [  40  ] . Although theobromine and caffeine have 
different immediate effects on muscle, they both act as adenosine receptor antagonists in the brain, 
thus complementing each others’ stimulatory action on the central nervous system  [  40  ] . 

 Caffeine and theobromine have been reported to exert anti-in fl ammatory effects by modulating 
cellular function  [  48  ] , so these methylxanthines might be considered as candidates for the pain reduc-
tion effects of chocolate. However, methylxanthines are found in relatively low concentrations in 
cocoa as compared to coffee and tea, neither of which is generally purported to have analgesic proper-
ties. So, it is therefore unlikely that methylxanthines cause an effect large enough on the vasculature 
to in fl uence pain tolerance.  

   Flavonoids 

 Another set of chemicals found in chocolate, present in relatively high amounts, are antioxidants. 
More speci fi cally, most of the antioxidants in cocoa, which make up 10% of chocolate composition in 
total, are the polyphenols  [  49  ] . Polyphenols are molecules with at least one aromatic ring and one or 
more hydroxyl group, divided into class by the number of phenol rings and structural binding features. 
Polyphenols have antioxidant, anticarcinogenic, antistress, and anti-in fl ammatory effects. One good-
quality dark chocolate bar can have more polyphenols than two whole days’ worth of fruit and vege-
tables  [  40  ] , and more antioxidant activity than red wine  [  50  ] . Feeding cocoa polyphenols to rats has 
been shown to effectively reduce the effects of stress due to con fi nement as measured by locomotor 
and other activity signs  [  51  ] . 

 The class of polyphenols most commonly found in cocoa is  fl avonoids. The most abundant 
 fl avonoids in cocoa are catechin, epicatechin, and procyanidins  [  52  ] . Ingestion of these compounds has 
been shown to have anti-in fl ammatory effects on the vascular system, therefore, having markedly posi-
tive effects for cardiovascular patients  [  52  ] , but likely in fl uencing pain tolerance as well. Flavonoids 
have also been demonstrated to reduce the activity of some sensory nerves that transmit pain informa-
tion, making these chemical components of chocolate likely contributors to its analgesic effects.  

   Flavonoids and In fl ammation 

 Although methylxanthines may not be present in cocoa in amounts signi fi cant enough to have an 
effect on vasculature, caffeine and theobromine may work in concert with antioxidant  fl avonoids to 
cause signi fi cant anti-in fl ammatory effects in consumers. The relationship between pain and 
in fl ammation is complex, but both are immune responses, and  fl avonoid effects on in fl ammation may 
be vital in determining how cocoa in fl uences pain. Flavonoids act as immunoregulators, affecting the 
secretion of in fl ammatory mediators, speci fi cally inhibiting the production of pro-in fl ammatory mol-
ecules  [  53  ] . Through competitive binding with ATP at the catalyst site,  fl avonoids can inhibit enzymes 
from forming the molecules that cause the in fl ammatory immune response  [  53  ] . 

 Cocoa  fl avonoids have been demonstrated to be effective in decreasing in fl ammation. In both 
in vitro cell culture studies and in vivo experiments of rats fed cocoa-enriched diets (pellet food mixed 
with raw cocoa powder), the presence of various cocoa  fl avonoids show decreased activation of 
cytokines, chemokines, and macrophages, which are all in fl ammatory molecules involved in 
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the normal immune response  [  54–  57  ].  In addition, in vivo studies of various models of animal 
in fl ammatory immune response (including paw edema, granuloma, arthritis, colitis, and ear edema) 
demonstrate that cocoa  fl avonoid compounds (either ingested or injected) reduce painful general 
in fl ammation  [  57–  60  ] . In a murine model of asthma, mice treated with the cocoa  fl avonoid, quercetin, 
displayed far less in fl ammatory immune reaction than those that were not treated  [  61  ] . Another study 
of the infection disseminated candidiasis in mice showed that administration of  fl avonoids found in 
cocoa actually protected the animals against the illness  [  62  ] .  

   Flavonoids and Trigeminal Nerve Activity 

 Another way in which cocoa polyphenols may in fl uence in fl ammation, and therefore pain, is through 
their effect on the trigeminal nerve. The trigeminal nerve, or cranial nerve V, connects peripheral tis-
sues with the central nervous system and is responsible for the perception of external environmental 
information (temperature, touch, etc.) to the brain. More speci fi cally, activation of trigeminal nerves 
releases calcitonin gene-related peptide (CGRP), which increases in level with painful experiences. 
Cocoa, as evidenced by its ancient uses (abdominal pain, toothache, joint pain), seems to be associ-
ated with diminished activity of the cranial nerves. In an investigation of CGRP expression in both 
trigeminal ganglia cultures and in an in vivo model of temporomandibular joint (TMJ) in fl ammation, 
 Theobroma cacao  extract enriched for polyphenols decreased in fl ammation from two stimulants that 
cause nerve in fl ammation: potassium chloride and capsaicin  [  11  ] . In vivo administration of cacao 
extract also decreased cellular pain response, demonstrated by decreased expression of CGRP, sug-
gesting that pain tolerance could be enhanced by the reduction in CGRP release  [  11  ] . 

 Another in vivo investigation of the in fl uence of cocoa on trigeminal nerve activity incorporated 
raw cocoa powder (at low 1% and high 10%) into the diet of rodents and injected the animals with an 
in fl ammatory agonist (capsaicin) in the trigeminal nerve 14 days later  [  10  ] . Data showed that animals 
on cocoa diets had signi fi cantly suppressed neuronal expression of CGRP and upregulation of MKP 
(good-protein kinase enzymes that react after in fl ammatory stimuli to return neuropeptide levels to 
normal). Thus, a rodent model of chronic in fl ammation showed decreased trigeminal nuclear and 
cytosolic P-p38 (phosphorylated form of in fl ammatory MAPK protein) when observed in animals on 
a diet that included cocoa as compared to animals on normal diets. Daily consumption of cocoa seems 
to have reduced in fl ammatory and pain effects in the trigeminal nerve via a mechanism similar to 
glucocorticoids  [  10  ] . In other words, a cocoa-rich diet decreases trigeminal nerve activation by upreg-
ulating helper MKP proteins, downregulating in fl ammatory proteins (MAPK and CGRP), and there-
fore results in decreased pain perception. These results were replicated in an additional study using 
grape seed polyphenols in place of the cocoa polyphenols, thus suggesting that the observed anti-
in fl ammatory action on the trigeminal nerve is moderated by the polyphenol content of a diet, rather 
than the other chemical components of cocoa  [  10  ] . 

 Besides chronic models of pain and in fl ammation such as migraine and TMJ, infection, and edema, 
cocoa  fl avonoids also seem to have in fl uence on acute models of in fl ammatory pain. In contrast to 
previous studies using less-alkaline chocolate, a recent study found that consumption of a  fl avonoid-
rich dark chocolate beverage after exercise led to less muscle soreness and pain, likely due to a 
decrease in in fl ammation  [  63  ] .    

   Summary 

 Both historic and modern reports of chocolate as an analgesic may be driven by a combination of 
learning and pharmacological effects on the body. Through learning, chocolate’s palatability and per-
ceived pleasantness can become associated with increased levels of endogenous opioids  [  22  ]  that may 
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reduce pain perception. Furthermore, the increase in opioids may serve as a self-preservation function, 
since consuming a food of high nutritional value such as chocolate may be more evolutionarily impor-
tant to an animal than a brief response to pain  [  18,   37  ] . 

 Cocoa contains a variety of pharmacological components, each of which may possibly contribute 
to its nourishing value and medicinal qualities in a unique way; however, more research is needed to 
determine the effects (bene fi cial or not) of cocoa consumption. It is not disputed that several different 
classes and families of chemicals that alter mood, physiological response, and response to pain are 
present in chocolate. The question is whether many of the pharmacological constituents in cocoa exist 
at levels that can really have an effect on behavior and physiology. Chocolate contains tryptophan 
(which increases serotonin levels), but the amount of protein in most chocolate inhibits the serotonin-
increasing mechanism  [  22  ] . In addition, methylxanthines, PEA, and anandamide levels are all too low 
to have an effect  [  22  ] . A 1.65-oz bar of chocolate contains only 10% the amount of caffeine as a cup 
of coffee  [  39  ] , and in order to get an active amount of anandamide, an individual would have to con-
sume 25 lb of chocolate  [  40  ] . However,  fl avonoids are components in chocolate that could present a 
possible mechanism for chocolate analgesia. Cocoa’s  fl avonoids act to reduce in fl ammation  [  12  ]  and 
decrease sensory nerve activation  [  11,   12  ] . 

 Ancient practitioners prescribed cocoa for painful medical issues, such as dental problems, dysen-
tery, indigestion, gastrointestinal issues, fever, cough, and infection  [  4  ] , all of which are related to the 
immune response of in fl ammation. Perhaps, these early healers were aware on some level of cocoa’s 
anti-in fl ammatory properties, or perhaps, they were simply aware of its role as a mood enhancer or 
comfort food. Regardless of their awareness of the mechanisms, we can be certain that they, like us, 
were well aware of chocolate’s effect on pain tolerance.      
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    Chapter 33   
 Cocoa for Recovery       

      Kelly   Pritchett              and    Phillip   A.   Bishop                 

 Key Points 

    Cocoa may enhance recovery from exercise owing to its antioxidant properties and partly because • 
it usually is associated with other nutrients (e.g., carbohydrate and protein in chocolate milk).  
  Chocolate milk, a cocoa-based beverage, appears comparable to more expensive recovery bever-• 
ages and seems well accepted by many athletes.  
  Consuming 1.0–1.5 g/kg • −1 /h −1  of carbohydrate, with or without cocoa, immediately after exercise 
and at 30-min intervals for up to 6 h postexercise, appears to be optimal for adequate glycogen 
resynthesis.  
  A cocoa-based beverage ingested at 1.0–1.5 g/kg • −1 /h −1  may be optimal for recovery, and the addi-
tion of  fl avanol-rich cocoa may decrease perceptions of postexercise muscle soreness and decrease 
levels of plasma isoprostanes.  
  Research should examine different types of cocoa (natural and Dutched) and differences in solid, • 
liquid, and gel forms of cocoa-based recovery meals, the dosage of cocoa, timing, and frequency 
of ingestion on postexercise recovery measures, including performance, muscle soreness, and 
 oxidative stress indices.    



450 K. Pritchett and P.A. Bishop

    Introduction 

 Athletes, coaches, and sports dietitians have sought postexercise nutritional strategies that will 
enhance muscle glycogen resynthesis after exercise, hasten recovery, and maintain or improve the 
quality of future workouts or performances  [  1–  3  ] . Athletes may participate in multiple training 
sessions a day with as little as 6 h of recovery between workouts  [  3  ] . A principal component of prepa-
ration for an elite athlete is to maximize their training in order to increase their potential for competition. 
Because full and often rapid recovery is necessary for subsequent optimal performance  [  2  ] , athletes 
should practice nutritional strategies that maximize recovery. Likewise, in some sports, athletes may 
compete multiple times in a single day. Enhanced recovery between competitions is important in 
these cases as well. Anything that enhances recovery permits more effective successive practice ses-
sions and should improve performance  [  3  ] . 

 Because muscle glycogen is the main fuel during intense exercise, replenishing muscle glycogen 
stores in the postexercise recovery period is an important factor in fl uencing recovery and subsequent 
performance. In addition, the timing and composition of a postexercise meal is highly dependent upon 
the duration and intensity of the preceding exercise bout  [  4  ] . Research regarding postexercise 
nutritional strategies has focused on timing of ingestion, type (solid vs. liquid) of carbohydrate (CHO), 
amount of CHO, presence of other nutrients (e.g., antioxidants, protein), and frequency of postexer-
cise feedings to determine the most effective way to enhance glycogen resynthesis  [  5  ] . 

 Recently, research has examined the effects of carbohydrate beverages containing cocoa  [  6–  11  ]  on 
recovery measures. Research examining cocoa-based carbohydrate beverage consumption during 
recovery periods of 4 h or more suggests enhanced recovery  [  7–  9,   11  ] , which would be bene fi cial to 
athletes competing in events with short recovery periods (preliminary heats,  fi nals) such as track and 
 fi eld, swimming, and multiple-day events, such as the Tour de France. 

 This chapter will provide an overview and discussion of the research that focuses on the effects of 
cocoa-based beverages and isolated cocoa on various indices of recovery including muscle damage, 
glycogen resynthesis, and exercise performance. Guidelines regarding the optimal timing and amount 
of cocoa-based carbohydrate postexercise will also be discussed in this chapter  [  3,   4  ] .  

   Cocoa and Postexercise Recovery 

 Exercise has been shown to increase the production of free radicals due to the greater  fl ux of oxygen 
into the cells, thereby increasing skeletal muscle damage and oxidative stress  [  10  ] . Recently, cocoa 
has received substantial attention in the clinical sports medicine world in its ability to reduce levels of 
oxidative stress  [  6,   10  ] . As a result, the ef fi cacy of dietary supplementation with cocoa as an antioxi-
dant has been studied. 

 Very few studies to date have examined the effectiveness of cocoa on exercise recovery. Wiswedel 
et al. (2004) suggested that cocoa-based drinks containing  fl avanols decreased levels of F2-isoprostane, 
a measure of oxidative stress, after strenuous exercise  [  6  ] . Recently, another study examined the 
effectiveness of cocoa-based carbohydrate-protein beverage (with a 3.5:1 carbohydrate-to-protein 
ratio), containing natural cocoa, on skeletal muscle damage and muscle soreness after downhill run-
ning. In a repeated-measures design, each participant ingested an experimental beverage condition 
immediately after exercise, 2 h postexercise, and before bed. Three beverage conditions (cocoa drink 
after, water, or cocoa drink before) were administered in a random order. The cocoa-based beverage 
had no effect on blood markers of muscle damage (CK, IL-6, IL-8, or urinary isoprostanes); however, 
the authors reported that the cocoa was effective in reducing perceived muscle soreness from 24 to 
48 h after downhill running. The authors speculated that the cocoa-based beverage might have been 
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effective in reducing soreness because the beverage contained natural cocoa instead of Dutched cocoa 
(i.e., cocoa treated with alkali). It should be noted that the actual  fl avanoid    content of the cocoa-based 
beverage was not reported in this study nor was Dutched cocoa tested. Furthermore, no performance 
measurements were taken in this study  [  10  ] . 

 Recently, low-fat chocolate milk has been suggested to be an effective but lower-cost recovery aid, 
with a carbohydrate-to-protein ratio similar to many commercial recovery and carbohydrate- 
replacement beverages  [  7–  9  ] . Chocolate milk is composed of cocoa plus monosaccharides (glucose 
and fructose) and disaccharides (lactose), while most commercially available recovery beverages 
consist of monosaccharides (glucose and fructose) and complex carbohydrates (maltodextrin). Low-
fat chocolate milk has a 4-to-1 carbohydrate: protein ratio similar to many commercial recovery 
beverages. In comparison to many carbohydrate-electrolyte beverages, chocolate milk packs substan-
tially more carbohydrates per 240 mL. It also provides  fl uids and sodium (in rehydration, replacing 
sodium is crucial)  [  12  ]  which needs to be replaced due to sweat loss during a workout. Chocolate milk 
is also high in calcium necessary for building and maintaining strong bones and a major constituent 
involved in muscular contraction. Based on the recommendations regarding postexercise carbohy-
drate intake  [  4  ] , a 70-kg male would need to consume 510–810 mL (70–84 g CHO, and 19–30 g PRO) 
and a 60-kg female 435–690 mL (60–72 g CHO, and 16–26 g PRO) of low-fat chocolate milk per 
hour. These are reasonable amounts for most athletes. 

 Several research studies have examined the effectiveness of postexercise low-fat chocolate milk 
consumption on various markers of recovery  [  7–  9,   11  ] . Karp et al. (2006) examined the effectiveness 
of consuming chocolate milk as a postexercise recovery aid between two cycling sessions in trained 
cyclists. After 4 h of recovery, cycling time to exhaustion at 70% of VO 

2max
  was signi fi cantly ( p   £  0.05) 

longer (40.0 ± 14.7 min) for the chocolate milk trial compared to the over-the-counter recovery bever-
age (26.8 ± 14.7 min)  [  7  ] . The authors suggested that differences in performance demonstrated in their 
study may have been attributed to the different types of carbohydrate in the beverages. Because 
increases in muscle glycogen levels during the early hours of recovery are greater with simple versus 
complex carbohydrate  [  13  ] , perhaps the 4-h recovery period did not allow adequate time for the com-
plete digestion of the complex carbohydrates in the commercial recovery beverage. The authors also 
speculated as to whether the higher fat content of chocolate milk may have increased the levels of free 
fatty acids in the blood, and possibly delaying glycogen depletion during the subsequent cycling trial 
to exhaustion and allowing subject to cycle longer  [  7  ] . This explanation seems plausible because, 
when postexercise consumption of low-fat chocolate milk was compared to an isocaloric over-the-
counter recovery beverage (based on 1 g CHO.kg −1  of body weight/h postexercise for the  fi rst 2 h) 
after a high-intensity fatiguing trial, the authors found no differences in cycling time to exhaustion at 
85% of VO 

2max
   [  8  ] . Being equivalent to a commercial recovery beverage is important because choco-

late milk is well received by most athletes and is more economical than most commercial recovery 
beverages. 

 Pritchett et al. (2009) compared the postexercise consumption of low-fat chocolate milk to an over-
the-counter commercial recovery beverage matched for carbohydrate and protein content and found 
that the increase in creatine kinase (CK), a marker of muscle damage, was signi fi cantly reduced 
(  p  < 0.05) from pre- to postexercise in the chocolate milk trial compared to the commercial recovery 
beverage (CRB) trial (increase CHOC 27.9 ± 134.8 U.L −1 , CRB 211.9 ± 192.5 U.L 1 ), with differences 
not signi fi cantly different between the two trials for CKpost (CHOC 394.8 ± 166.1 U.L −1 , CRB 
489.1 ± 264.4 U.L −1 ). The apparent inconsistency in the  fi ndings (i.e., a difference in change scores but 
not in CK postlevels) is not uncommon and was chie fl y attributable to the magnitude of the mean dif-
ferences. In other words, the analysis apparently was not sensitive enough to the pre- or postdifferences 
between the two treatments, but when expressed as a change score, relative to the error variance, a 
difference was detected. As always, the difference we found in the change score should be interpreted 
with caution. After completion of the study, participants were asked to provide feedback regarding the 
recovery beverages. All ( n  = 10) participants’ preferred the taste of chocolate milk  [  8  ] . 
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 Similarly, Gilson et al. (2010) examined the effectiveness of low-fat chocolate milk versus a 
high-CHO recovery beverage consumed postexercise for a week in collegiate soccer players. The 
soccer players continued their normal training regimen, which was similar among subjects. This study 
found signi fi cantly ( p   £  0.05) lower creatine kinase (CHOC: 316.9 ± 188.3 U.L −1 , CHO: 431.6 ± 310.8 
U.L −1 ) levels after 1 week of supplementation with chocolate milk versus a high carbohydrate-only 
beverage. However, no performance differences were detected between the two beverages  [  11  ] . 

 These  fi ndings support the ef fi cacy of chocolate milk as a recovery aid between workouts. Low-fat 
chocolate milk serves as a more convenient, cheaper, premixed, and, based on current observations, 
more palatable recovery beverage option for many athletes. Furthermore, recent research has suggested 
that compared to other recovery beverages, chocolate milk may be more bene fi cial for decreasing 
muscle damage after a workout. However, it is unclear as to whether these recovery bene fi ts seen from 
chocolate milk can actually be attributed to the cocoa  fl avanols or to other factors, such as the 3:1 
carbohydrate-to-protein ratio that has been found to enhance postexercise recovery. Chocolate milk 
contains “Dutched cocoa,” or cocoa treated with alkali, meaning that some of the  fl avanols would not 
have been preserved during this processing. The  fl avanol content in cocoa-based beverages and choc-
olate varies and is strongly dependent upon the processing  [  6  ] . 

 Further research is needed to examine the ef fi cacy of cocoa-based foods and beverages as a postex-
ercise recovery aid. In addition, research needs to examine the dosage of cocoa, timing, type of coca 
processing, and frequency of ingestion on postexercise recovery measures, including performance, 
muscle soreness, and oxidative stress levels.  

   The Role of Carbohydrate in Postexercise Recovery 

 Cocoa is seldom ingested in isolation. Typically, cocoa is taken combined with carbohydrates in the 
form of chocolate bars or chocolate beverages. Consequently, any consideration of cocoa in recovery 
must also take into account the associated carbohydrates and other nutrients. 

 Muscle glycogen is the primary fuel source during high-intensity exercise and an important source 
during endurance exercise. Therefore, postexercise glycogen restoration plays a very important role in 
the recovery process. Glycogen resynthesis is highly dependent on the extent of glycogen depletion, as 
well as the type, duration, and intensity of the exercise session  [  14  ] . For up to 6 h postexercise, the rate 
of muscle glycogen resynthesis is accelerated compared to rest, and within 24 h postexercise, complete 
restoration of glycogen stores can occur if suf fi cient amounts of carbohydrate are consumed  [  1,   15  ] . 

 Glycogen resynthesis, after either a glycogen-depleting exercise bout or endurance exercise, occurs 
in two phases (Fig.  33.1 ). The  fi rst phase, or the rapid phase, lasts anywhere from 30 to 60 min and is 

Rapid Phase 1:
• Duration: 30-60 minutes 
• Insulin-independent
• Rapid glycogen resynthesis
• Possible mechanisms:

o Increased GLUT-4
translocation

o Increased glycogen
synthase

Slow Phase 2:
• Duration: several hours
• Insulin-dependent
• Slower glycogen resynthesis
• Possible mechanisms:

o Increased insulin
sensitivity

o Increased sensitivity of 
muscle glucose uptake

  Fig. 33.1    Characteristics of postexercise glycogen resynthesis during the rapid phase (1) and the slow phase (2)       
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insulin independent owing to the increased permeability of the muscle cell as a result of exercise-induced 
translocation of GLUT-4 (glucose transporter carrier protein-4) and plausibly an upregulation of 
glycogen synthase. It should be noted that GLUT-4 concentrations and insulin sensitivity are higher 
in trained individuals, perhaps allowing for enhanced glycogen resynthesis compared to their untrained 
counterparts  [  1  ] .  

 An increase in postexercise glycogen synthase and exercise-induced increases in insulin sensitiv-
ity may be the potential mechanisms responsible for the 2–4-h period of enhanced glycogen resyn-
thesis following exercise. The literature suggests that low postexercise muscle glycogen levels may 
provide a stimulus for this increase in glycogen synthase. The literature indicates that a recovery 
meal consumed within 2 h postexercise, compared to no feeding, is more effective in improving 
recovery  [  16  ] . 

 Following the rapid glycogen resynthesis phase is the slow phase where muscle glycogen 
resynthesis occurs at a slower rate than the initial phase. The slow phase is highly dependent on car-
bohydrate availability and insulin levels and can potentially last several hours  [  1  ] . 

 Because complete muscle glycogen resynthesis can take as long as 24 h, even under optimal condi-
tions, studies have examined methods to increase the rate of muscle glycogen resynthesis  [  17  ] . 
Depending on the extent of glycogen depletion, consuming 1.0–1.5 g CHO.kg −1  h −1  immediately after 
exercise, and at 30-min intervals for up to 6 h postexercise, appears to be optimal for adequate glyco-
gen resynthesis  [  1,   4,   7,   18,   19  ] . On the other hand, if CHO intake is delayed by 2 h postexercise, 
glycogen resynthesis rates have been found to be 45% lower  [  3,   20  ] .  

   The Addition of Protein to Carbohydrate in a Recovery Meal 

 As mentioned, cocoa may be consumed with milk or other protein sources. Consequently, it is impor-
tant to consider the role of protein in recovery. 

 Protein contributes an estimated 5–15% of total energy expenditure during endurance exercise 
 [  19  ] , which is considerably less than the contribution of carbohydrate. The literature concerning the 
effects of postexercise ingestion of a CHO-PRO supplement compared to a CHO supplement (i.e., 
sports beverage) on performance is inconsistent. Some studies show improved performance with the 
CHO-PRO postexercise complex versus a CHO only  [  7,   21–  25  ] , whereas others show no difference 
in performance  [  23,   26–  28  ] . It should be noted that the majority of the literature has examined 
recovery in trained cyclists or runners when performing a time trial to exhaustion at 70–85% of 
VO 

2max
   [  7,   21–  28  ] . 

 The addition of protein to a postexercise recovery meal may also enhance net protein anabolism 
 [  21  ] . During the postexercise period, there is an increased rate of muscle protein synthesis in trained 
individuals  [  3  ] . The results of studies reported  [  14,   22,   29  ]  seem to be in support of the addition of 
protein to the recovery beverage. 

 In addition, studies have reported decreases in muscle damage (CPK) with the addition of PRO 
to a recovery beverage after exercise sessions  [  8,   16,   19,   21,   25,   30  ] . Both high-intensity and pro-
longed endurance exercise can damage skeletal muscle, resulting in delayed-onset muscle sore-
ness with concurrent increases in markers of muscle damage such as creatine kinase (CK), 
myoglobin (Mb), cortisol, and lactate dehydrogenase (LDH)  [  31,   32  ] . Elevated levels of these 
enzymatic markers are associated with decreased performance  [  32  ] . Due to the applied nature of 
recovery studies, the majority of the literature examining muscle damage has included multiple 
indicators of muscle damage, including blood-borne creatine kinase (CK), and subjective mea-
sures of muscle soreness (using a visual scale)  [  33  ] . However, CK has been criticized as an effec-
tive indicator of muscle damage because of poor correlations with direct measures of muscle 
damage. 
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 Postexercise recovery beverages containing protein seem to be effective in improving recovery 
indices. However, some of the results may be due to the higher caloric content of the CHO: PRO 
supplements. The additional protein calories via glucogenesis may have provided additional substrate 
for glycogen resynthesis to occur, therefore aiding in an enhanced recovery  [  20  ] . Currently, research 
suggests that 20–25 g of high-quality protein during a single feeding is optimal. Future research 
should examine the type of protein, timing of intake, and the effects of distribution of protein through-
out the day on recovery indices  [  3  ] .  

   Limitations of Studies 

 Various limitations have been discussed throughout this review of studies that have examined the 
ef fi cacy of cocoa-based beverages and cocoa on optimal recovery. The vast majority of the studies 
examined the acute effects of a postexercise cocoa-based beverage on exercise performance. Practically, 
it would be more bene fi cial to examine the effects of these nutritional strategies over a longer duration 
similar to a training regimen. Greatly needed are studies of consumption of chocolate in other forms, 
including sweetened chocolate solid foods, and comparisons of different preparations of cocoa (i.e., 
Dutched vs. natural). 

 Extraneous variables, such as dietary intake immediately before the study and sleep patterns, were 
often not controlled in previous cocoa studies. In order to examine the effect of a recovery beverage 
on performance and recovery, it is vital to control for dietary intake. It is ideal to provide a food- 
frequency questionnaire as well as a 3-day food record to get an accurate depiction of diet. Sleep is 
another variable that could in fl uence the results of study; therefore, variations in sleep patterns should 
be considered when comparing trials. 

 Many athletes consume foods in solid or gel forms during workout or competition. For practical 
purposes, research should examine differences in solid, liquid, and gel forms of cocoa-based recovery 
meals on recovery measures and oxidative stress indices. In addition, because it is very practical to 
incorporate a recovery beverage into athletes’ daily regimens, it would be more bene fi cial to the ath-
letic population to examine the effectiveness of a postexercise recovery beverage taken on a daily 
basis. 

 Also, research should examine other measures of muscle damage. Creatine phosphokinase and 
subjective measures of muscle soreness have been the primary dependent variables in the literature. 
Due to the variable nature of CK, measuring additional blood parameters, such as LDH (lactate dehy-
drogenase), myoglobin, and cortisol, in conjunction with CK would enhance the quality of the 
studies  

   Summary 

 The available literature regarding postexercise nutritional strategies for optimal performance is 
evolving. The optimal timing regarding postexercise nutritional strategies for maximal glycogen 
resynthesis appears to be within the  fi rst 2 h postexercise  [  14,   22,   29,   34  ] . The literature suggests that 
1.0–1.5 g/kg −1 /h −1   [  1,   2,   7  ]  of a cocoa-based beverage may be optimal for recovery. The additional 
protein (20–25 g protein) in the food or beverage may aid in muscle protein resynthesis  [  2,   14,   22, 
  29,   34  ] . Furthermore, the addition of  fl avanol-rich cocoa may decrease perceptions of postexercise 
muscle soreness  [  10  ]  and decrease levels of plasma isoprostanes  [  6  ] . Given the limited number of 
studies, however, further research is warranted to examine the ef fi cacy of cocoa  fl avanols on exercise 
recovery.      
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    Chapter 34   
 Chocolate and Withdrawal       

      Carla   da   Silva Benetti            and     Patrícia   Pelufo   Silveira              

 Key Points 

    Evidence has indicated palatable foods and sugar as potential addictive substances because they • 
induce effects on the mesolimbic reward system consistent with those promoted by drugs of abuse. 
Bingeing on sugar increases the release of neurotransmitters from brain structures involved in the 
regulation of appetite and/or addictive behaviors.  
  Experimental models have demonstrated that excessive sugar consumption stimulates dopamine • 
releasing in the nucleus accumbens as well as modi fi es dopamine receptors binding in the accum-
bens and striatum. Similar  fi ndings were detected in drug-dependent individuals.  
  Abstinence of palatable food precipitates withdrawal symptoms, altering neurochemical homeo-• 
stasis of the opioid pathway, and these effects, like opiate withdrawal, can be also seen when drugs 
of abuse are removed.  
  Besides neuronal modi fi cations produced in response to palatable food withdrawal, addiction-like • 
behaviors have been described in some studies as well. Spontaneous withdrawal signs, like anxi-
ety, teeth chattering, and aggressive behavior, are induced by palatable food (such as chocolate) 
deprivation.  
  The interaction between genes and environment has a determining role in the individual tendency • 
to eating disorders and metabolic diseases in adulthood.  
  The neonatal environment seems to be a modulator of the vulnerability to palatable food addiction • 
and withdrawal signs at the behavioral and neurochemical level in response to its deprivation.    



458 C. da Silva Benetti and P.P. Silveira

    Introduction 

 The term “withdrawal” describes a group of symptoms that occurs upon the abrupt discontinuation or 
a decrease in dosage of the intake of an addictive substance. In order to experience the symptoms of 
withdrawal, it is  fi rst necessary to have developed a chemical dependency, which happens after con-
suming the substance for a certain period of time. 

 Some patterns of food consumption, such as overeating, binge eating, stress-induced eating, and 
emotional eating, bear a striking resemblance to substance-use disorders  [  1,   2  ] . Therefore, evidence 
of the existence of “food addiction” has mounted. Foods identi fi ed as having potential addictive prop-
erties include sweets, carbohydrates, fats, as well as sweet/fat combinations. One example of such a 
combination of these two addictives substances (sweet and fat) is chocolate, a palatable highly caloric 
food readily available in Western societies, where the prevalence of overweight and obesity is con-
stantly increasing  [  3,   4  ] . It is interesting to note that since the beginning of the twentieth century, 
chocolate is described as the most commonly and intensely craved food in North American  [  5  ]  and 
European countries  [  6  ] . Some investigators suggest that the popularity of this palatable food seems to 
be mainly due to its potential to arouse sensory pleasure and positive emotions  [  7  ] .  

   Similarities Between Drug and Food Addiction 

 Drug-seeking behavior is motivated and reinforced not only by a drug’s positive effects but also the 
negative state or “antireward” that accompanies abstinence from drug use  [  8  ] . Different neural path-
ways mediate the motivation, including dopaminergic, GABAergic, opioid, and serotonergic neural 
circuits in the striatum, amygdala, orbitofrontal cortex (OFC), and midbrain. The irritability, anhedo-
nia, and dearth of motivation for natural rewards that characterize the state of antireward result not 
only from the loss of function of the brain’s reward systems but also from the activation of stress sys-
tems in the amygdala  [  8  ] . 

 Although addictive behavior is generally associated with drugs, alcohol, or sexual behavior, it is 
becoming apparent that certain food substances, notably chocolate, may cause similar physiological 
and psychological reactions in vulnerable people. Addiction, however, is a complex concept that 
includes several components, and some have questioned its applicability to chocolate cravings. 
Although there are many de fi nitions of addiction, two characteristics are consistently included: 
a  compulsion to use a substance that results in excessive and uncontrolled consumption, and existence 
of withdrawal symptoms when the substance is withheld [  9  ] . 

 Avena and colleagues  [  10  ]  classi fi ed sugar as an addictive substance because it follows the 
typical addiction pathway that consists of bingeing, withdrawal, craving, and cross-sensitization. 
The de fi nitions of the components involved in the addiction process are as follows:

   Bingeing: It consists of unusually large bouts of intake  [  • 11  ] .  
  Withdrawal: It is indicated by signs of anxiety and behavioral depression  [  • 12  ] .  
  Craving: It is measured during sugar abstinence as enhanced by responding to sugar  [  • 13  ] .  
  Cross-sensitization: It results from sugar to drugs of abuse  [  • 14  ] .    

 More recently, this same group of researchers rede fi ned “bingeing” as an escalation of intake with a 
high proportion of consumption at one time, usually after a period of voluntary abstinence or forced 
deprivation. And “craving” was also better de fi ned by increased efforts to obtain a substance of abuse or 
its associated cues as a result of dependence and abstinence  [  15  ] . According to Liu and colleagues  [  16  ] , 
these de fi nitions play a major role in helping de fi ne and classify palatable food as a true additive sub-
stance in comparison to the criteria for drug dependence as observed at least in animal models  [  17  ] . 
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Some studies reported a very high association between chocolate and sweet preference  [  18  ] , but 
chocolate seems to be more widely craved and more highly preferred than other very sweet items  [  19  ] . 

 Interestingly, it was recently shown that a previous experience with drugs of abuse could play a 
role in the desire to consume chocolate. This study shows that participants who had already experi-
enced drug-like effects were more likely to want to consume more of the tasted chocolate than control 
individuals  [  20  ] . 

 Chocolate has a set of extremely appealing sensory characteristics. In a general review of cravings, 
Weingarten and Elston  [  5  ]  emphasize the importance of sensory characteristics in accounting for 
cravings. Its consumption may also serve for homeostatic regulation of certain neurotransmitters 
involved in the regulation of appetite, hunger, mood, and/or addictive behaviors. Several studies have 
described that negative mood is prominent among cravers and that they have a high prevalence of 
“emotional eating”  [  21  ] . Low central levels of serotonin have been associated with depression, addic-
tion, and obsessive-compulsive disorder, while the ingestion of carbohydrates (especially chocolate) 
has been suggested to selectively increase tryptophan uptake and serotonin production by the 
brain  [  22  ] . However, although chocolate provides pleasure, for those who consider intake of this food 
to be excessive, any pleasure experienced is short-lived and accompanied by feelings of guilt  [  23  ] , an 
effect that is evident even among children  [  24  ] . 

 An interesting study shows that the personality style modulates the craving for chocolate in states 
of emotional dysregulation (anxiety, irritability, and depression) and suggests that craving for such 
food serves to promote soothing of their personality-based capacity to experience emotional dysregu-
lation  [  25  ] . 

 The simple availability of chocolate within sight can increase the desire for it  [  26  ] , and this is asso-
ciated with feelings of both craving and guilt  [  27  ] . In the presence of chocolate or related cues, self-
reported “chocolate addicts” were more aroused, reported greater cravings, experienced more negative 
affect, and also ate more chocolate than control subjects  [  28  ] . Interestingly, visual images of chocolate 
from magazines in fl uence the desire for this type of food, in the form of craving, and may induce 
negative affect such as guilt, anxiety, and depression, but only in women who had dieted at some point 
in their life  [  29  ] . 

 Chocolate cravings, like sweet cravings, have been found to occur perimenstrually for many women 
 [  18  ] , and it is the only high-carbohydrate food that is craved more at the menses than at other times 
during the menstrual cycle  [  30  ] . Some researchers have proposed that the cause for these chocolate 
cravings appears to be the result of a cultural rather than a physiological cause  [  31,   32  ] .  

   Neurochemistry of Food Addiction and Withdrawal 

 Recent studies demonstrate that the support for the food addiction hypothesis comes from alterations 
in neurochemistry (dopamine)  [  15,   33  ] , neuroanatomy (mesolimbic system)  [  34,   35  ] , and self- 
medication behaviors  [  36  ] . Evidence from the literature describes that the consumption of high-sugar, 
high-fat food (palatable food) induces neurochemical modi fi cations in mesolimbic-dopaminergic sys-
tem, which is involved in the hedonic feeding behavior regulation  [  37  ] . Among these neurochemical 
changes, palatable food intake was reported to activate the mesolimbic reward system  [  38  ] . 
Experimental approaches demonstrate an increased mesolimbic-dopaminergic response to the expo-
sure to sweet food in adult rats, which is measured by a higher dopamine release in the nucleus 
accumbens and medial prefrontal cortex, in comparison to control rats  [  39  ] . 

 Other experimental models have also found that the consumption of sugar stimulates accumbens 
dopamine releasing. For instance, the intermittent access to sugar can promote sugar bingeing while 
dopamine is released repeatedly in the nucleus accumbens in response to the taste of sweet food  [  40  ] . 
It is curious to emphasize that dopamine increase can be early detected during the  fi rst hour of 
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exposure to the sweet food  [  12,   41  ] . Moreover, another investigation found that when rats binged on 
sugar, the amount of dopamine released is proportional to the sucrose concentration, but not to the 
volume of sucrose consumption  [  42  ] . 

 Taking into account the ability of sweet food and addictive drugs to increase accumbal dopamine 
release, a recent series of studies have proposed that endogenous hormones could mediate the effect 
of drugs of abuse on stimulating the mesolimbic dopamine system. It is well established that periph-
eral ghrelin controls food intake, energy balance, and appetite  [  43–  45  ] . More recently, this hormone 
was described to activate mesolimbic dopamine system and to have a role in food-seeking behavior 
and in the accumbal DA release in response to alcohol  [  46–  49  ] . It is known that appetite scoring (for 
instance, using a VAS scale) and peripheral ghrelin correlate positively. Interestingly, while this cor-
relation disappears completely after chocolate eating, it is reversed after chocolate smelling  [  50  ] . This 
suggests that the different sensory proprieties of chocolate (smell, taste, texture) may diversely impact 
the subjective hunger sensation and ghrelin levels, which can probably lead to a peculiar mesolimbic 
DA response. 

 The excessive sugar intake modi fi es the binding to the dopamine receptor in some brain structures. 
Rats with a pattern of bingeing on palatable food exhibit an increased dopamine D1 receptor binding 
in the accumbens core and shell, in contrast to a decreased dopamine D2 receptor binding in the dorsal 
striatum  [  11  ] . Similarly, in a clinical study, obese individuals demonstrated reductions in striatal dop-
amine D2 receptors like those observed in drug-addicted subjects  [  51  ] . 

 Others have demonstrated similarities in brain dopamine between obese and drug-dependent indi-
viduals, showing that both groups have lower dopamine receptor levels. Besides, this investigation 
also described an inverse correlation between dopamine D2 receptor density and BMI, which can sug-
gest decreased sensitivity in the reward system in obese subjects  [  52  ] . Some years later, Stoeckel and 
colleagues  [  34  ]  found that obese women have greater activation in a number of cerebral regions, such 
as the amygdala, nucleus accumbens, ventral striatum, and medial prefrontal cortex, in response to 
high-calorie foods. Based on that, the authors proposed that the mesolimbic system in obese women 
may be hyperresponsive to food rewards. 

 According to recent data, not only high-sugar but also high-fat food intake can alter the binding to 
dopamine in the brain. For example, a chronic exposure to high-fat diets modi fi es dopamine D2 
receptor gene expression in the striatum and dopamine D4 receptor in the ventromedial nucleus of 
the hypothalamus, as well as increases hydroxylase tyrosine protein expression, which is an 
enzyme essential to dopamine production, in the ventral tegmental area  [  53,   54  ] . In addition, the early 
exposure to a high-fat diet in rats alters dopamine signaling markers permanently in the nucleus 
accumbens  [  55  ] . 

 The striatal opioid system also seems to regulate the hedonic properties of palatable food, as infu-
sion of an opioid agonist into the NAc stimulates the feeding behavior in rats with ad libitum access 
to food  [  56,   57  ] . Conversely, opioid receptor antagonists infused into the NAc decrease consumption 
of preferred food without affecting intake of less palatable alternatives  [  58  ] . Because m-opioid 
receptor activation results in the inhibition of medium spiny neuron activity in the NAc, it has been 
proposed that the NAc shell exerts a tonic inhibitory in fl uence on palatable food consumption  [  59  ] . 
Consistent with this view, stimulation of inhibitory GABAA or GABAB receptors  [  60,   61  ] , or 
blockade of excitatory ionotropic glutamate receptors  [  62  ]  in the NAc shell increases food consump-
tion. Similarly, excitotoxic lesion of the NAc shell also increases food consumption and enhances 
sensitivity to food reward  [  63,   64  ] . 

 Considering that addiction-like behavior is related to binge consumption of palatable food, the 
evidence of opiate-like withdrawal is of particular interest. According to Colantuoni and colleagues 
 [  12  ] , withdrawal symptoms can be precipitated when a palatable food is removed, inducing altera-
tions in the opioid system. The main neurochemical modi fi cations in food withdrawal, like opiate 
withdrawal, are a decrease in extracellular dopamine in the nucleus accumbens and an increase in 
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acetylcholine release from accumbens interneurons. Such a dopamine/acetylcholine imbalance seems 
to be characteristic during withdrawal of several drugs of abuse  [  65  ] . It is stated that dopamine, 
acetylcholine, and opioid production induced by the consumption of sugar is similar to the one induced 
by most narcotic substances  [  10  ] , concerning withdrawal symptoms. 

 Withdrawal from chronic drug exposure can dampen phasic and tonic dopamine levels in the 
absence of drug  [  66–  68  ] . However, withdrawal from psychostimulants does not necessarily lead to 
decreased tonic levels  [  69  ] . Returning dampened dopamine levels to baseline may be one of the driv-
ing forces in relapse to drug-taking behavior  [  70  ] , since evidence indicates that animals pursue drug 
infusion when tonic dopamine levels in the NAcc decrease past a certain threshold  [  71  ] . In humans, a 
positive correlation is described between dopamine plasma levels at the beginning of the withdrawal 
and the presence of withdrawal symptoms  [  72  ] . 

 Although synaptic levels of dopamine show a de fi ciency during drug withdrawal, dopamine release 
shows a profound sensitization to the well-established permissive or facilitatory function of serotonin 
on dopamine release in the nucleus accumbens  [  73,   74  ] . Another series of studies suggest that the 
reward induced by ethanol, for instance, may be independent of the activation of dopamine D2 recep-
tors and may be mediated through serotonin 5-HT1B and 5-HT2 receptors  [  75,   76  ] . In recently absti-
nent alcohol-dependent patients, there is a signi fi cant reduction in the availability of brainstem 
serotonin transporters, which is signi fi cantly correlated with lifetime alcohol consumption and with 
ratings of depression and anxiety during withdrawal  [  77  ] . 

 Also in ethanol dependence, withdrawal in fl uences gene expression in the prefrontal cortex, 
re fl ecting that this is a site of damage and neurodegeneration in addicts  [  78  ] . Besides, (gamma) 
 g -aminobutyric acid (GABA), the major inhibitory neurotransmitter in the CNS, and its receptor are 
downregulated during chronic use, and after abstention, this downregulation of the GABA receptor 
contributes to many of the symptoms of the withdrawal  [  79,   80  ] . A number of investigators have pro-
vided evidence for associations between elevations in (alpha)  a 4 subunit–containing GABAA recep-
tors and alterations in activation of this receptor in the cerebral cortex and the hippocampus, further 
implicating  a 4-containing GABAA receptors as having a role in increased anxiety and seizure risk 
during withdrawal  [  81,   82  ].  

 Prolonged intoxication also inhibits activity in the glutamate neurotransmitter system, the major 
excitatory neurotransmitter in the CNS, by acting on the ion-gated N-methyl-D-aspartate (NMDA) 
glutamate receptor  [  79  ] . Abstinence reverses the inhibition of the NMDA receptor, producing many 
of the signs and symptoms of withdrawal. 

 During withdrawal, noradrenaline (NA) release is enhanced in animals  [  83  ]  and in humans,  [  84  ]  
which correlates with the peripheral symptoms of hypertension tachycardia and general autonomic 
reactivity. Increases in the CSF correlations of NA and its major CNS metabolite (MHPG), in the 
central noradrenaline (NA) metabolism  [  84–  87  ] , as well as raised peripheral levels of NA and ele-
vated excretion of MHPG (3-methoxy-4-hydroxyphenylglycol) have been reported  [  88  ] . The mecha-
nism underlying this increased activity of NA neuronal systems is suggested to be alterations in 
a-2-adrenoceptors, which would lead to increased  fi ring and predispose to paroxysmal episodes of 
neuronal discharge. Several groups have found reduced postsynaptic alpha-2-adrenoceptor function 
in alcoholics in acute withdrawal  [  89–  92  ]  and early abstinence  [  93  ] . 

 Finally, withdrawal induces prolonged increases in glucocorticoid concentrations in speci fi c 
regions of the rodent brain, while plasma concentrations may increase or remain unchanged  [  79,   80  ] . 
Extracellular CRF levels in the CeA, as measured by microdialysis, are substantially elevated during 
acute ethanol and cocaine withdrawal  [  94,   95  ]  as well as during antagonist-precipitated withdrawal 
from chronic cannabinoid treatment  [  96  ] , being implicated in the aversive and anxiogenic-like behav-
ioral manifestations of alcohol  [  97  ]  and opiate withdrawal  [  98  ] . Type II glucocorticoid receptor avail-
ability in prefrontal cortex is decreased after withdrawal, and nuclear localization of glucocorticoid 
receptors is increased, suggesting enhanced glucocorticoid type II receptor activation  [  99  ] .  
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   Evidence of Chocolate Withdrawal 

 Arti fi cial chemical rewarding stimuli and natural rewarding activities act at the same pathways. 
Regarding feeding, a decrease in blood glucose level, induced by food deprivation, causes hunger and 
motivates the animal to seek food, since in this state eating strongly stimulates the reward system and 
becomes pleasurable. Then, in homeostatic conditions, when the animal has consumed enough food, 
satiety mechanisms suppress the reward system connected with feeding. However, these well- 
controlled mechanisms do not seem to be as ef fi cient when considering highly palatable foods. 

 For instance, addiction-like behaviors, which are represented by signs of withdrawal, are naturally 
caused by the response to palatable food deprivation. Avena et al.  [  100  ]  have developed a rat model of 
binge eating on sugar and sugar/fat solutions, showing that rats provided with 2 h of access to a sugar/
fat solution will consume the majority of their daily energy intake during this window, despite having 
continuous access to normal laboratory chow. Moreover, sugar-bingeing rats consume more sugar 
solution over time (evidence of tolerance), demonstrate increased sugar consumption after a period of 
abstinence (deprivation effect), and exhibit signs of opiate-like withdrawal. Sugar-bingeing rats become 
cross-sensitized to both amphetamines – which has no effect on naive rats – and cocaine  [  100  ] . 

 The same research group has described that spontaneous withdrawal signs, like anxiety and teeth 
chattering, are induced by palatable food deprivation or injection of naloxone in sugar-dependent rats. 
Accumbens microdialysis revealed that naloxone decreases extracellular dopamine (DA) and causes 
a dose-dependent increase in acetylcholine (ACh) in these animals  [  12  ] . Others described signs of 
aggressive behavior  [  101  ]  and anxiety-like behavior  [  102  ]  during periods of sugar withdrawal. 
This  fi nding is in accordance with a recent experimental study  [  103  ]  that has shown spontaneous 
increase in the frequency of headshakes induced by chocolate withdrawal. Another study shows that 
 chocolate-olfactory priming, ineffective in inducing conditioned place preference in the control group, 
reactivated the extinguished place preference in the group previously conditioned to chocolate con-
sumption  [  104  ] . 

 In humans, an association was described between the behavior of self-medicating dysphoric mood 
with sweets or chocolate and hysteroid dysphoric traits, assessed by a questionnaire investigating the 
ingestion of sweets or chocolate in response to anxiety, depression, tension/irritability, or anger. 
Besides, self-medicators included a signi fi cantly higher percentage of people reporting to abuse choc-
olate than controls  [  105  ] . Self-de fi ned chocolate addicts  fi nd chocolate irresistible and eat it in excess, 
report positive mood and pleasure during chocolate consumption, but may also report negative mood 
in response to chocolate cues  [  27,   106  ] . An interesting study shows that in response to chocolate 
images, high cravers report more pleasure and arousal but less control, having an inhibited cardiac 
defense but potentiated startle re fl ex, as compared to low cravers  [  107  ] . This suggests that under con-
ditions of deprivation, cues that may be initially associated with reward can lead to unpleasant affect 
and a reversal of the pattern of re fl ex modulation  [  108  ] . 

 Recent research shows that suppressing food-related thoughts can cause a subsequent increase in 
consumption. In agreement with this, a study performed in humans shows that participants reporting 
frequent use of food-thought suppression report greater chocolate cravings  [  109  ] .  

   Developmental Origins of Chocolate Preference and Withdrawal Responses 

 Early environment in fl uences the chocolate preference, metabolic response to the chronic exposure, 
and abdominal fat deposition in adult female rats exposed chronically to chocolate. Rats handled as 
neonates (brief daily separation from the mothers for 10 min/day in the  fi rst ten days of life) prefer 
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to eat more, but are less vulnerable to the metabolic disturbances related to the chronic exposure 
to chocolate  [  110  ] . In addition, non-handled rats demonstrate increased frequency of headshaking 
after 24 h of chocolate withdrawal as well as a decreased Na    + ,K + -ATPase activity in both amygdala 
and hippocampus in comparison to handled ones  [  103  ] . The activity of cerebral Na + ,K + -ATPase is 
reported to be modulated by drugs of abuse, such as morphine  [  111  ] , and it has been proposed that 
the impairment of Na + ,K + -ATPase function is related to opioid tolerance and dependence  [  112  ] . 
Considering the evidence that palatable food interacts with cerebral opioids and dopamine, produc-
ing effects similar to those of drugs of abuse  [  15  ] , it seems that neonatal handling is associated with 
a decrease in the response to chocolate withdrawal in adulthood, suggesting that early life events 
may modulate the individual vulnerability to withdrawal after the discontinuation of a preferred 
food. 

 Other recent evidence has reported a genetic association between sweet preference and paternal 
alcohol dependence. It was described that individuals with a familial history of alcohol addiction are 
three times more probable to develop sweet preference or sugar addiction than individuals with no 
paternal history of alcohol dependence, independently to their alcoholism status  [  113  ] . The genetic 
predisposition to sugar addiction was also detected in animal studies. Rat offsprings from mothers 
fed with junk food (including sweet snacks) during gestation and lactation period exhibit a tendency 
to develop appetite alterations (e.g., sugar addiction). It is interesting to emphasize that these rat 
mothers displayed bingeing and overeating episodes during the period of exposure to the palatable 
food  [  114  ] . 

 Finally, some bene fi cial effects of the early exposure to chocolate have been described. For instance, 
mothers who reported daily consumption of chocolate during pregnancy rated more positively the 
temperament of their infants at 6 months of age. Maternal prenatal stress predicted more negatively 
tuned ratings of the infant temperament, particularly among those mothers who reported never/sel-
dom chocolate consumption during gestation. However, this effect was not observed among the moth-
ers reporting weekly or daily chocolate consumption during pregnancy  [  115  ] , suggesting that maternal 
well-being during pregnancy somehow interacts with chocolate consumption and affects the maternal 
perception of the children’s temperament at 6 months of age.  

   Summary 

 In summary, this chapter demonstrates that excessive palatable food consumption induces behavioral 
and neuronal modi fi cations, which can also be seen in drug abuse and withdrawal, indicative of patho-
logical conditions such as addiction. Because chocolate is a highly palatable food, it is possible that 
this food also induces the same effects, although direct evidence investigating the induction of with-
drawal by discontinuing the chocolate use is scarce. Moreover, it appears that bouts of immoderate 
palatable food intake are necessary for both behavioral and neurochemical alterations to be estab-
lished and for bingeing to develop as well. Although the mechanisms involved in such effects remain 
unclear, certain investigations that have demonstrated some of the neurotransmitters, its receptors, and 
brain regions involved in binge-like behavior have proposed dopamine and opioid peptides as the 
most probable candidates. Furthermore, genetic aspects contribute notably to binge risk, in particular 
to sugar addiction, in a way that bingeing can induce a state that promotes perpetuation of the behav-
ior once initiated. 

 Better understanding of the mechanisms implied in behavioral and neuronal outcomes consistent 
with either palatable food or drug addiction, as well as the development of new approaches driving to 
translational investigations in the future, can help to prevent and to  fi nd adequate treatment of eating 
disorders, including binge-type consumption of palatable food.      
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  Neurobiological regulation of energy homeostasis, the internal maintenance of a physiological equi-
librium, is in constant  fl ux and involves complex interactions among many effector molecules  [  1,   2  ] . 
The central nervous system is responsible for sensing nutritional status and engaging mechanisms that 
ultimately increase or decrease food intake to maintain energy balance. However, in certain circum-
stances, this central homeostatic system can be overridden even in the face of contrary signals of 
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 Key Points 

    Reward-based feeding behaviors are an important component of the overall consideration of • 
 obesity and metabolic disorders.  
  Orexin is an important neurobiological regulator of brain reward circuits involved in the control of • 
reward-based feeding behaviors.  
  The paraventricular thalamic nucleus may be a critical site of integration for orexinergic signaling • 
in reward-based feeding.  
  Cues associated with the consumption of chocolate activate the orexin system, suggesting that • 
orexin plays a role in the regulation of conditioned reward-based feeding.    
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metabolic need. Non-homeostatic feeding describes food intake that is driven by the taste, texture, or 
palatability of the food source  [  3,   4  ] . In simple terms, eating can be driven by the rewarding properties 
of the food. In this chapter, the term “reward-based feeding” will refer generally to behaviors involv-
ing these mechanisms in the control of eating for pleasure or hedonic value  [  5  ] . In this chapter, we will 
outline the neurobiological mechanisms behind reward-based feeding and detail how chocolate and 
drugs of abuse share common neural pathways. 

 Importantly, animals and humans have evolved the ability to modulate food intake by engaging in 
appropriate behaviors leading to positive consequences (and suppression of behaviors associated with 
potentially negative outcomes). The positive attributes of a food or feeding experience, such as the 
taste, palatability, or simply the feeling of relieving hunger, are variables that are learned about and 
utilized to initiate the onset of meals based on these predicted rewarding outcomes of eating. Learned 
positive associations between food and environmental cues are potent inducers of feeding, even when 
energy demands are satis fi ed  [  6–  10  ] . The anticipation of food rewards represents a critical point in the 
regulation of reward-based feeding behaviors based on environmental cues. The mesolimbic dop-
amine reward pathway is most commonly studied for its role in mediating the reinforcement of 
reward-related behaviors  [  11  ]  and will be a neurobiological area of focus for this discussion. 

 At the center of the mesolimbic reward circuit are dopaminergic neurons of the ventral tegmental 
area (VTA) of the midbrain that project to limbic forebrain areas, namely, the nucleus accumbens in 
the ventral striatum. These structures are extensively implicated in the regulation of behaviors driven 
by a variety of rewarding stimuli, including palatable foods, sexual behaviors, and drugs of abuse. The 
lateral hypothalamus (LH) serves as a locus for receiving metabolic signals such as leptin, insulin, 
ghrelin, and glucose to act in the brain and can then affect reward-based components of feeding 
 [  12–  16  ] . 

 One feature of chocolate is its ability to activate and engage mesolimbic circuitry  [  5  ] . These obser-
vations led to the hypothesis that, similar to drugs of abuse, food sources may also take on “addictive” 
properties. When animals are conditioned to expect chocolate or other rewards (e.g., drugs of abuse), 
cues that predict the delivery of either substance lead to increased neuronal activation within the 
mesolimbic system  [  17  ] . 

 Like expectation of drugs of abuse, expectation of chocolate is capable of activating brain reward 
regions associated with the consumption of the chocolate reward. When animals are initially exposed 
to chocolate, they are “neophobic” and typically sample the chocolate in small amounts. However, 
following successive exposures, animals increase their intake of chocolate, presumably because they 
develop an expectation. In fact, many antiobesity drugs have been tested for their ability to reduce 
chocolate intake. For example, the endocannabinoid inhibitor rimonabant dose dependently decreases 
chocolate consumption in rodents  [  18  ] . Rimonabant is also capable of reducing the intake of abused 
drugs, an effect hypothesized to occur through the reduction of pleasure associated with drug con-
sumption. The ability of rimonabant to reduce chocolate consumption was important because it sug-
gested that blockade of the endocannabinoid system, a system that acts partly on mesolimbic structures, 
may be effective at reducing the intake of palatable foods and also diet-induced obesity. 

 The endogenous stress system is also a potent inducer of palatable food consumption, and it is 
often used to study overfeeding in the context of obesity. Stress-induced feeding and the consumption 
of “comfort foods” are popular concepts in the lay and scienti fi c community and have been touted as 
reasons for the rapid increases in obesity in adults and children  [  19  ] . There are many systems and 
peptides that modulate the effects of stress, but only a few that mediate the effects of stress on food 
reward. The gut hormone ghrelin is a potent orexigenic agent that stimulates feeding behavior in 
rodents  [  20  ] . Apart from mediating normal feeding behavior, ghrelin also mediates food reward  [  16  ] , 
food anticipatory activity  [  21  ] , and stress-induced feeding  [  22  ] . For example, subordinate mice that 
are chronically defeated by their dominant counterparts typically increase their consumption of palat-
able foods. In a recent study, Chuang and colleagues reported that disruption of ghrelin signaling 
blocked the ability of social defeat stress to induce chocolate consumption  [  22  ] . Importantly, the 
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 ability of ghrelin to mediate stress-induced consumption of chocolate was associated with increased 
activation of the mesolimbic dopamine system. We interpret these  fi ndings to suggest that the reward-
ing properties of chocolate are regulated by the gut hormone ghrelin through modi fi cation of mesolim-
bic dopamine signaling. 

 In addition to activating mesolimbic structures, chocolate is capable of entraining biological 
rhythms in rodents. In rodents, sleep-wake cycles are controlled by the suprachiasmatic nucleus 
(SCN) of the hypothalamus. Chemical lesions that destroy neurons in this nucleus disrupt the sleep-
wake cycles, providing evidence that the SCN is a critical modulator of biological rhythms. The 
expression of the gene product period 1 (per1) in the SCN oscillates with neuronal activity in this 
region and has thus been referred to as a “clock gene.” In this way, the expression of per1 can be used 
to determine which phase of the sleep-wake cycle an animal is experiencing. When rats are condi-
tioned to expect chocolate, the expression of per1 is induced in several brain regions implicated in the 
control of biological rhythms and reward such as the hypothalamus, nucleus accumbens, frontal cor-
tex, and amygdala  [  23  ] . This  fi nding suggests that chocolate has the ability to entrain biological 
rhythms in rodents. One implication of this  fi nding is that metabolic stimuli possess the ability to alter 
sleep-wake function. Importantly, sleep-wake function in mammals is controlled in part by the lateral 
hypothalamic orexin system  [  24  ] . 

 Orexins (also called hypocretins) are neurotransmitters produced in small neuronal populations of 
the lateral (LH) and perifornical (PFA) areas of the hypothalamus. Orexins are known to regulate 
arousal, wakefulness, food intake, and reward-related behaviors  [  25–  27  ] . There are two different 
orexin peptides, both cleaved from prepro-orexin: orexin-A (33 amino acids) and orexin-B (28 amino 
acids). Orexin-A can bind to both orexin-1 receptor (OX1R) and, with lower af fi nity, orexin-2 recep-
tor (OX2R), while orexin-B has preferential binding af fi nity for OX2R. Both orexin receptors are G 
protein-coupled receptor subtypes  [  28  ]  and are widely distributed throughout the central nervous 
system  [  29,   30  ] . Due to the lack of an effective and commercially available OX2R antagonist, orexin-
A signaling on OX1R is more widely studied and is much better characterized. As such, several stud-
ies have made use of a common selective OX1R antagonist, SB-334867. Most studies have focused 
on the role for orexin-A and OX1R, as most evidence suggests that the predominant role of orexin-B 
is in sleep-wake regulation. Nevertheless, orexins have diverse roles in the regulation of multiple 
behavioral systems. 

 Orexin was  fi rst named and described for its ability to induce feeding, for which it was named after 
the Greek root word for appetite,  orexis   [  28  ] . Numerous groups have since demonstrated the orexigenic 
properties of orexin-A in which intracerebroventricular (ICV) administration of orexin-A increases 
food intake  [  28,   31  ] . Interestingly, when given a choice, rats will selectively increase intake of a pre-
ferred high-fat diet  [  32  ] . OX1R antagonism is effective in blocking central orexin-A-induced 
hyperphagia and behavioral satiety  [  33  ] . Orexin neurons receive input from hypothalamic 
 neuropeptide-Y/agouti-related peptide-expressing neurons of the arcuate nucleus and are thought to 
be “second-order” neurons of a hierarchy in the integration processes involved in promoting food 
intake  [  34,   35  ] . However, other evidence suggests that orexin neurons may also act as “ fi rst-order” 
neurons, sensors of metabolic status, that are directly modulated by circulating factors such as leptin, 
glucose, and ghrelin  [  15,   36–  38  ] . Orexin neurons most likely take on both  fi rst- and second-order 
roles in integrating intra- and extra-hypothalamic circuits to affect consummatory behaviors. 

 Recent studies suggest that orexin plays a critical role in promoting reward-related behaviors  [  25  ] . 
The VTA is a primary component of the mesolimbic dopamine pathway and receives input from orexin 
neurons  [  39,   40  ] . Additionally, VTA neuron populations express both orexin receptor subtypes  [  29  ] . It 
is proposed that plasticity in the VTA could be regulated and enhanced by secondary input from the 
orexin system  [  41,   42  ] . Indeed, orexinergic projections to the VTA signal, speci fi cally on a majority of 
dopamine neurons, increase dopaminergic neuron  fi ring rates and activate the mesolimbic pathway  [  43, 
  44  ] . Drug-associated cues activate orexin neurons, and central application of orexin-A reinstates drug-
seeking behavior  [  45  ] . Moreover, orexin is critical for learning reward-stimulus associations as VTA 
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OX1R antagonism attenuates acquisition of morphine-conditioned place preference  [  44  ] . These asso-
ciations are likely mediated by long-term plastic changes occurring within VTA neurons. When OX1R 
antagonist is administered into the VTA, behavioral sensitization and neurophysiological changes that 
are typically caused by chronic cocaine use are blocked  [  46  ] . Similar results have been demonstrated 
with other substances of abuse using OX1R blockade to attenuate operant responding for alcohol and 
the reinstatement of alcohol and cocaine seeking  [  47,   48  ] . Furthermore, studies in male sexual behavior 
also suggest a role for VTA orexin in natural reward processing  [  49  ] . Other reports have also evaluated 
orexin and natural reward function in food reward-related behaviors. Orexin-A is implicated in operant 
responding for palatable food rewards  [  50–  52  ]  and, within the mesolimbic system, is necessary for 
opioid-induced high-fat intake  [  53  ] . Together, these  fi ndings suggest that orexin plays a role as a func-
tional neuromodulator of food reward-related behaviors at the level of the VTA. Further, these studies 
suggest that orexin’s effects on reward-related behaviors include not only those of drugs of abuse but 
also of natural rewards like food and sex. 

 In addition to the growing body of evidence supporting orexin as a modulator of reward-related 
behavior, substantial evidence indicates that orexin also contributes to the control of wakefulness and 
general arousal. Several groups have identi fi ed a neurobiological basis for narcolepsy attributed in 
part to genetic de fi ciencies in the orexin system  [  27,   54,   55  ] . Human narcoleptic patients exhibit a 
substantial 85–95% reduction in orexin-A measured in cerebrospinal  fl uid  [  56  ]  and in the number of 
orexin-expressing neurons  [  57,   58  ] . Reported dif fi culties maintaining attention in narcoleptic patients 
further implicate the orexin system as a critical player for the regulation of not only wakefulness but 
also attentional arousal  [  59  ] . Furthermore, prominent and extensive orexinergic innervations of mid-
line thalamic nuclei and the medial prefrontal cortex (mPFC) suggest a role in attentional processes 
and higher executive function  [  60  ] . Further functional neuroanatomical evidence revealed that excit-
atory thalamocortical terminals synapsing in the mPFC are receptive to orexinergic excitation and that 
this pathway is an important mechanism for enhancing behavioral performance during situations 
requiring greater attention  [  61–  63  ] . In support of this notion, during novel exploratory behavior, a 
sustained attentional and arousal state-dependent process, orexin neurons are maximally active  [  64  ]  
and systemic or ICV OX1R blockade disrupts attentional performance  [  65  ] . Furthermore, dominant 
rats, established by social hierarchy in the visible burrow system group housing model, exhibit greater 
risk-taking behavior but decreased acquisition of operant responding for food rewards. These behav-
ioral characteristics are correlated with increased orexin receptor expression in the mPFC relative to 
subordinate and control rats  [  66  ] . These studies provide evidence that orexin can play unique roles in 
goal-oriented behaviors and attentional arousal, both of which are likely to be inextricably linked. 

 The paraventricular nucleus of the thalamus (PVT), a midline thalamic nucleus where thalamocor-
tical projections originate, is most closely linked to attention and arousal. The PVT receives dense 
inputs from LH orexinergic  fi bers and expresses orexin receptors  [  40,   67  ] . Orexin can synapse within 
the midline thalamus to directly activate cortical-projecting PVT excitatory neurons as another mech-
anism for which orexin can regulate arousal and attentional tone  [  61,   68  ] . Recent studies demonstrat-
ing that the PVT mediates reinstatement of extinguished alcohol-seeking and conditioned place 
aversion during morphine withdrawal  [  69,   70  ]  have established the possibility that the PVT is also 
involved in reward-related behaviors. In addition, excitatory PVT projections to the nucleus accum-
bens, a major component of the mesolimbic reward circuit, occur on dopaminergic terminals and 
increase dopamine ef fl ux independent of VTA function  [  71–  73  ] . Several recent studies have also 
implicated PVT orexin in affecting locomotor activity, anxiety, emotionality, and addiction behaviors, 
all of which likely require attentional and arousal inputs to be appropriately regulated  [  70,   74–  76  ] . 
Taken together, these studies strongly support a role for orexin as a modulator of attention and 
arousal, to activate the necessary alertness required to promote and enhance goal-oriented, speci fi cally 
reward-related, behaviors. 

 In recent studies from our lab, using behavioral pharmacology in rats, experiments from two 
approaches were utilized to assess the hypothesis that orexin promotes reward-based feeding. The 
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results of experiments using ICV orexin-A and systemic OX1R antagonism indicated that orexin is 
indeed a critical promoter of conditioned responding for chocolate rewards. These results were 
consistent with  fi ndings from other groups using different conditions and schedules of reinforcement 
 [  50–  52  ] . A progressive ratio (PR) schedule of operant responding, as utilized in our study, is consid-
ered a robust test of motivation to obtain rewards as the animal must work progressively harder for 
each subsequent food reward. Moreover, PR responding is a dopamine-dependent behavior  [  77  ] . 
Thus, these data suggest that orexin promotes reward-based feeding by affecting responding for choc-
olate at both low- and high-response requirements. In an assessment of unlearned hedonic feeding 
driven by mechanisms independent of homeostatic needs, others demonstrated the necessity of orexin 
function in the VTA by attenuating an opioid agonist–induced high-fat feeding response following 
intra-VTA OX1R antagonism  [  53  ] . Similarly, we assessed the effect of systemic OX1R antagonism in 
a model of reward-based high-fat feeding following a large chow meal. We presume that high-fat 
feeding is driven by hedonics or palatability, when consumed immediately following a satiating meal 
of lab chow. Our data also suggest that orexin is at least partly required for this effect  [  5  ] . However, 
the speci fi c sites of orexin’s actions on reward-based feeding in the brain remain less clear. One pri-
mary target is the VTA, due to its well-established position as a gateway for the mesolimbic circuit 
and dopamine out fl ow. Indeed, orexin  fi bers do signal onto VTA neurons  [  29,   39,   40,   43  ] , and this 
pathway is implicated in orexin’s role in reward-related behaviors  [  44,   46,   53  ] . 

 In order to elucidate the potential sites of action for orexinergic signaling, neuronal activation 
pro fi les of rats conditioned to expect chocolate were assessed. In these experiments, we hypothesized 
that conditioned anticipation of chocolate increases activation of orexin neurons and speci fi c orexin 
target regions. Using c-Fos immunolabeling techniques, our study aimed to identify areas of the brain 
that expressed orexin, orexin receptors, and also c-Fos protein. This study enabled the characteriza-
tion of the orexin neuron subpopulations within the overall PFA-LH region and the identi fi cation of 
potential target regions activated by conditioned cues. Increased activation, as measured by c-Fos 
immunolabeling, in the PFA-LH, PVT, mPFC, and VTA of rats expecting chocolate is consistent with 
several similar reports  [  8,   17,   45,   78  ] . 

 Importantly, both chocolate-conditioned and meal-fed rats displayed increased activation in orexin-
A neurons in the PFA-LH, suggesting that cues associated with not only palatable food but also daily 
chow availability activates orexin-A-expressing cells. One possible reason for this result in the activa-
tion pro fi le of this region may lie in the speci fi c activation of other PFA-LH neuropeptide systems, 
such as melanin-concentrating hormone, also known to be involved in the regulation of feeding- and 
reward-related behaviors  [  79–  81  ] . The increased activation of orexin-A-expressing neurons under 
these conditions was further characterized to be selectively signi fi cant in the PFA but not the LH 
region of the orexin  fi eld. This distinction is consistent with a previous report indicating that pharma-
cologically induced high-fat feeding speci fi cally activates PFA orexin neurons  [  53  ] . This is in contrast 
to another report that drug- and food-associated cues selectively activate LH but not PFA orexin neu-
rons  [  45  ] . Moreover, nonspeci fi c activation of PFA orexin neurons may be indicative of heightened 
general arousal. A conditioned meal-feed response to limited chow access or a conditioned reward-
based feeding response both likely require a learned increase in general arousal to maximize the ani-
mal’s ability to bene fi t from such conditions. Based on these and other  fi ndings, the ability for PFA 
orexin to signal arousal-based activity to selectively act on reward processing may depend more on 
the speci fi c sites of action (target regions) as opposed to the origin (PFA orexin activation). 

 In accordance with a proposed dichotomy in orexin function  [  82  ] , PFA orexin activation represents 
a more generalized arousal response to multiple reward-predicting cues. In this way, orexin may pro-
mote reward-based feeding indirectly, via alternate extra-mesolimbic brain regions, by serving to 
enhance arousal, concurrently involved in supporting reward processing. In support of this notion, 
increased activation in the mPFC, PVT, and VTA, all target regions of orexin  fi bers, in chocolate-
conditioned rats suggests that orexin’s role in promoting food-reward anticipation involves multiple 
downstream targets. The mPFC is a known regulator of cue-induced anticipation of feeding, and 
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removal of this region attenuates cue-induced elevations in feeding  [  8,   9  ] . Importantly, the PVT, an 
area densely innervated by orexin  fi bers and PVT cells expressing OX1R exhibited increased 
activation in rats expecting chocolate. This is consistent with the hypothesis that the PVT is a potential 
primary target of orexin  fi bers  [  67  ]  and may be a unique relay center for orexin-driven reward process-
ing. Together, these results solidify the role for orexin as an important regulator of reward-based feed-
ing and as a component of learning mechanisms involved in the conditioned expectation of food 
rewards. 

 From this collection of data several themes emerge. It is clear that chocolate, like drugs of abuse, 
is a potent inducer of brain reward circuitry. Chocolate is a rewarding substance to rodents and humans 
and is thus readily consumed. Given the rewarding aspects of chocolate, it is often used to measure 
effects of social stress on reward-based feeding in rodents. The ability of stress to induce the intake of 
chocolate is regulated by the gut hormone ghrelin, an effect that is modulated by mesolimbic dop-
amine signaling. Moreover, the rewarding properties of chocolate are capable of entraining biological 
rhythms in rodents, an effect that coincides with increased per1 expression in brain regions that regu-
late metabolic need and rewards, respectively. Furthermore, chocolate activates neurons in the LH that 
produce orexin, a critical regulator of biological rhythms in rodents and humans. In addition to acti-
vating orexin neurons, modulation of orexin signaling regulates a rodents “willingness” or motivation 
to work for chocolate rewards. Overall these data highlight the powerful properties of chocolate to 
regulate a variety of neurobiological circuits that are thought to underlie concepts such as addiction, 
reward, stress, arousal, and motivation. These data also underscore the utility of chocolate as a labora-
tory tool to better understand the causes and consequences of consuming diets that induce obesity.     
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    Introduction 

   Strength is the ability to break a chocolate bar into four pieces with your bare hands - and then eat just one of 
those pieces. 

 – Judith Viorst   

 The ability to resist the temptation to eat chocolate is a dif fi cult endeavor. Chocolate is a food that 
consumed in excess would lead to a multitude of negative consequences such as increased weight, 
dental problems, and negative emotions, especially guilt. Furthermore, this chapter will show there is 
evidence that chocolate is a substance that one can become addicted to. As the widespread availability 
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  Key Points 

    Chocolate has become almost ubiquitous in its widespread availability.  • 
  There has been a consistent rise in the average size of chocolate bars.  • 
  These factors have resulted in increased average consumption and a need to attempt to restrain • 
one’s intake.  
  Two common strategies to avoid consuming too much chocolate are (1) to try not to think about • 
chocolate and (2) to try not to eat chocolate.  
  Studies are now indicating that both trying not to think of chocolate and deliberately restraining • 
oneself from eating it can result in increased rather than reduced subsequent consumption.  
  Although these effects can present in most individuals, they appear to be strongest in restrained • 
eaters or participants with a high propensity towards dieting.    
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of chocolate has become common, it has therefore become increasingly necessary for individuals to 
attempt to moderate or reduce their intake, often via avoiding thinking about chocolate or attempting 
to directly restrain consumption. This chapter will focus on the consequences of these processes of 
attempted control. 

 Chocolate is the most widely craved food in the western world and is disproportionately craved by 
women  [  1–  6  ] . Food cravings are commonly de fi ned as the intense desire to consume a certain speci fi c 
food or foods  [  7–  9  ] . Bruinsma and Taren  [  10  ]  de fi ne craving as “an intense, periodic motivation 
aimed at gaining the craved substance.” Chocolate cravings have been reported in 40% of females and 
15% of males, and in addition, alternative substances will not satisfy their desire to eat chocolate  [  3,   5  ] . 
Almost 100% of women and roughly 70% of men state that they have had at least one or more food-
craving episode in the past year  [  4  ] . 

 Importantly, research on cravings relating to many foods, including chocolate, has demonstrated 
signi fi cant associations between food cravings and higher body mass index (BMI) scores. In short, 
heavier people report greater cravings for sweet foods  [  11,   12  ] . Furthermore, there is evidence that 
these associations also make binge eating more likely  [  13  ] . Because cravings are a common feature of 
addictive behaviors  [  14  ]  and they also occur with reference to chocolate  [  15  ] , this has prompted some 
researchers to suggest that chocolate could potentially be classi fi ed as a drug rather than as a food  [  10  ] . 
Furthermore, there is evidence that chocolate can be addictive  [  3,   16,   17  ] . Among those reporting high 
cravings for chocolate, research indicates there are frequent negative emotional associations, including 
depression, guilt, anxiety, frustration, negative body image, and ultimately eating disorders  [  17,   18  ] . 
Hetherington and Macdiarmid  [  16  ]  also provide evidence that chocolate addicts experience intense 
cravings and report greater pleasure during active consumption, but their “addiction” interferes with 
their daily behaviors; for example, avoiding chocolate results in low mood and subsequent overcon-
sumption. In addition, food cravings are often associated with other poor psychological outcomes such 
as low mood, and decreased quality of life  [  19–  21  ] . Furthermore, participants reporting severe 
chocolate cravings often state that they try to avoid chocolate, but this results in irritability, low mood, 
and subsequent overeating, which is consistent with other drugs of abuse  [  10,   16,   17  ] . 

 There is some evidence that chocolate addicts can be negatively affected by withdrawal symptoms 
 [  10,   16  ] . Although there are negative consequences to considering chocolate a drug, such as its addic-
tive potential, other researchers have highlighted the positive medicinal aspects of chocolate con-
sumption  [  22  ] . 

 As a result of these recent  fi ndings, the status of obesity is being debated, and one suggestion is that 
its status changes from weight problem to psychiatric diagnosis. This is currently being debated for 
inclusion in the forthcoming edition of the Diagnostic and Statistical Manual of Mental Disorders 
 [  23  ] . In addition, research is uncovering some of the nervous system’s centrally mediated hedonic 
mechanisms, which may govern the addictive component of certain foods  [  24  ] . 

 Western nations, in particular Europe and the Americas, are the highest consumers of chocolate 
internationally. Data indicate that there has been a signi fi cant rise in the consumption of chocolate in 
these countries over the last two decades, with countries such as the United Kingdom rising from an 
average of 7.4 kg per year per capita  [  25  ]  to 10.07 kg per year per capita in 2008  [  26  ] . 

 In tandem with increased chocolate consumption, the incidence of obesity has also risen dramati-
cally over the past few decades. Thus, on a global scale, obesity has doubled since 1980. In 2008, over 
1.5 billion adults aged over 20 years could be classi fi ed as overweight, and of these, over 200 million 
males and 300 million females could be classed as obese. Furthermore, almost 65% of the population 
of the world live in nations where overweight and obesity result in greater mortality than underweight. 
Reports also indicate that in 2010, almost 43 million children under 5 years of age could be classed 
as overweight  [  27–  29  ] . 

 In addition to growing worldwide obesity and chocolate consumption, there has also been a signi fi cant 
increase in the average portion size of various foods, including chocolate bars, mainly with the intro-
duction of “king-sized” bars  [  30–  32  ] . Research has consistently demonstrated that larger portion size 
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results in increased consumption  [  33  ] . Furthermore, Vermeer et al.  [  32  ]  conducted a study showing that 
with king-sized chocolate bars, 92% of participants intended to  fi nish the whole bar by the end of the 
day, therefore indicating that if oversized chocolate bars are purchased, they are likely to be wholly 
consumed. Further to this, chocolate consumption has been shown to be increased when participants are 
asked to select chocolate (M&M’s) using a large spoon as opposed to a small spoon  [  34  ] . 

 Kemps, Tiggemann, and Hart  [  35  ]  and Knight and Boland  [  36  ]  suggest that people regularly attempt 
to control their intake of chocolate as it is commonly regarded as one of the de fi nite foods “to be 
avoided” when dieting. Owing to the factors cited above, it is likely that individuals commonly attempt 
to regulate and control their consumption of chocolate. One common form of avoidance that people, 
attempting to control their food (and chocolate) intake, typically resort to is thought suppression. 
Therefore, if one wants to avoid overconsumption of chocolate, it is plausible that not thinking about 
chocolate may help. In addition, it is likely that individuals will also attempt to behaviorally avoid 
chocolate by choosing to evade locations where it is present and to restrain the impulse to consume it 
when it cannot be avoided in the environment. Critically, Geyskens, Soetens, and Roets  [  37  ]  have dem-
onstrated that cues of tempting foods (e.g., chocolate) elicited participants to direct their attention away 
from the stimuli. This effect was not moderated by other personal characteristics of the participants and 
provides evidence that when presented with tempting food, avoidance is a typical response.  

   Effects of Thought Suppression on Thinking About Foods 

 Thought suppression refers to the effortful avoidance of certain thoughts  [  38  ] . For example, an indi-
vidual attempting to control his or her chocolate intake may decided to suppress thoughts about 
chocolate in an effort to avoid chocolate thought intrusion (including cravings) and the possibility of 
overeating. Research on thought suppression has consistently indicated that suppressing thoughts 
does not result in the desired outcome of fewer thoughts but paradoxically results in one thinking 
about the suppressed item more rather than less  [  39  ] . 

 The consequences of trying to avoid certain thoughts were  fi rst studied by Wegner and colleagues 
 [  39  ] . They demonstrated that suppressed thoughts subsequently rebound and that individuals end up 
thinking about the thought more after attempted avoidance than before. This was in comparison to 
individuals who were instructed to actively engage in thought about the concept the suppression group 
was trying to avoid. This is known as the rebound effect. Admittedly, as a  fi rst demonstration, they 
chose to employ a neutral thought as the target of suppression. Thus, participants suppressed the neu-
tral and largely irrelevant thought, “white bear.” Since this  fi rst demonstration, several other studies 
have shown that suppressed thoughts subsequently return more frequently and that this process can 
occur with negative thoughts that are personally relevant. A meta-analysis undertaken in 2001 showed 
that rebound effects following thought suppression are robust  [  40  ] . Therefore, if one suppresses 
thoughts about chocolate, a likely outcome is that chocolate thoughts will paradoxically increase. 

 Importantly, a study by Harnden, McNally, and Jinserson  [  41  ]  demonstrated that suppressing body 
weight thoughts can result in a subsequent rebound of these same thoughts – that is, an increase in 
thoughts regarding weight rather than the intended reduction, in comparison to control groups that 
were not suppressing body weight thoughts. 

 Another study investigating the effects of suppressing thoughts of food by Soetens, Braet, De 
Jonckheere, and Roets  [  42  ]  asked participants to think aloud in three separate consecutive periods. In 
the  fi rst period, participants were free to think about anything they liked but were asked to monitor for 
food- or eating-related intrusions. In the second period, participants either suppressed thoughts or 
continued to monitor food- or eating-related thoughts. In the  fi nal period, all participants again 
returned to monitoring food-related intrusions. After each period, participants  fi lled out a state 
scale measuring willingness and desire to eat  [  43  ] . Critically, Soetens et al.  [  42  ]  also investigated 
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 participants’ restrained eating status. Restrained eating has been viewed as a chronic tendency to 
restrict food intake for weight-related reasons and therefore has much in common with dieting  [  44, 
  45  ] . In addition, Soetens et al.  [  42  ]  further investigated the participants’ tendency towards disinhibited 
eating. Disinhibition is often viewed as a tendency towards overeating across a variety of situations 
 [  45  ] . The study also took measure of eating disorders  [  46,   47  ]  and the tendency to use thought sup-
pression in everyday life (White Bear Suppression Inventory, WBSI)  [  48  ] . Results indicated that 
people who were not inhibited in their eating (disinhibited restrainers) scored signi fi cantly higher than 
inhibited restrainers on the measure of the everyday use of thought suppression, than low restrainers. 
Furthermore, participants were categorized by their combination of the restrained eating scale and the 
disinhibited eating status. Results indicated that there was a main effect of group (inhibited restrainer 
versus disinhibited restrainer versus low restrainer), with disinhibited restrainers having more food-
related thoughts than both other groups. Analysis indicated a signi fi cant rise in intrusive thoughts 
about food between the baseline period 1 and period 3 for the disinhibited restrainers that suppress. 
No similar effect was found for inhibited restrainers or low restrainers that suppressed. In summary, 
the Soetens et al.  [  42  ]  study demonstrates that individuals who are naturally inclined to restrain their 
eating (restrainers) but are often unsuccessful (disinhibited) show signi fi cant increases in food 
thoughts that they had been trying to suppress. This effect was not present in groups that did not sup-
press food thoughts and were not disinhibited restrainers. 

 In a similar study, Oliver and Huon  [  43  ]  had high and low disinhibitors’ suppress thoughts about 
food and eating. Participants monitored thoughts for three 5-min periods: in baseline period 1 and 
period 2, participants suppressed (did not think about food and eating) versus expressed; in period 3, 
participants returned to monitoring. Results indicated that low disinhibitors instructed to suppress had 
more food-related thoughts than high disinhibitors. This pattern of results was reversed for the non-
suppression condition, where high disinhibitors reported more thoughts than low disinhibitors. While 
the effects reported by Oliver and Huon  [  43  ]  seem disparate with those reported by Soetens et al.  [  42  ] , 
they did not examine participants’ restrained eating status. The main message from this study is that 
food thought rebound is possible following suppression. 

 Further studies have indicated that suppression of naturally occurring negative thoughts can also 
result in rebound  [  49,   50  ] , but note that some studies report that thought suppression may have no 
effect on personally relevant thoughts  [  51  ] . 

 It appears that disinhibition status affects the level of rebound following suppression. One way in 
which studies have arti fi cially manipulated disinhibition levels is by preloading – giving participants 
a high-calorie food prior to participation  [  52  ] . O’Connell, Larkin, Mizes, and Fremouw  [  53  ]  had par-
ticipants either take a preload or not (high-calorie chocolate or vanilla milk shake versus no milk 
shake). During period 1, half of the participants suppressed food and eating thoughts (try not to think 
about food or eating) and the other half of the participants merely monitored food and eating thoughts. 
During period 2, all participants monitored for food and eating intrusive thoughts. Finally, all partici-
pants took part in a taste preference task with the opportunity to try various ice creams (chocolate, 
vanilla, and strawberry) with instructions to at least try all three. Results indicated that restrained 
participants in the suppression group had more food intrusions in both thought periods but no rebound 
effect. Results for the taste test demonstrated a signi fi cant effect of preload – preload ate signi fi cantly 
less in the taste test. However, there was no effect of group or restraint on the amount of ice cream 
consumed. 

 In summary, the results regarding the suppression of food- and eating-related thoughts have pro-
vided mixed evidence. Thus, if one suppresses thoughts of food (including chocolate) or eating, there 
is enough evidence to suggest that these thoughts may increase following suppression but only under 
certain conditions or for particular individuals. This thought rebound for food appears most evident in 
restrained and disinhibited eaters.  
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   Correlational Evidence of Associations Between Food-Related Thought 
Suppression and Issues with Eating Behavior 

 In view of the studies outlined above, Barnes, Fisak, and Tantleff-Dunn  [  54  ]  developed the food thought 
suppression inventory, measuring an individual’s tendency to suppress thoughts about food in everyday 
life. Importantly, this measure of food-related thought suppression has been found to be associated 
with eating pathologies, including binge eating. This is unsurprising, as the general tendency to sup-
press thought has been found to correlate positively with various psychopathologies, such as anxiety 
and depression  [  55  ] . In a further study investigating the food thought suppression inventory in males, 
associations were again found between the use of food thought suppression and pathological eating, 
including binge eating and compensatory behaviors. Furthermore, body mass index scores (BMI) were 
associated with more reported food thought suppression  [  56  ] . In addition to these  fi ndings, Barnes and 
Tanleff-Dunn  [  57  ]  examined 312 overweight obese community men and women, measuring levels of 
food thought suppression via participants’ completion of the food thought suppression inventory, 
weight history, and eating behaviors. The results showed that women were more likely to report using 
food thought suppression, as were dieters compared to non-dieters. The use of food thought suppres-
sion was shown to predict binge eating, food cravings, and other disordered eating habits.  

   Development of Attitudes Towards Chocolate Questionnaire 

 In an attempt to examine more quantitatively chocolate consumption and attitudes towards chocolate, 
Benton and colleagues  [  58  ]  developed the attitudes towards chocolate questionnaire. Results in a large 
sample of 224 females and 104 males indicated that three factors accounted for the data on chocolate 
consumption. Factor 1 was labeled craving and was typi fi ed by intense urges to consume chocolate 
and the use of chocolate under stress. Factor 2 was labeled guilt and was typi fi ed by items indicating 
negative feelings when consuming chocolate. The third factor indicated adaptive chocolate consump-
tion – for example, when missing a meal or to replenish energy after exercise. Importantly, the  fi ndings 
indicated that craving was associated with greater consumption, whereas high scores related to guilt 
for eating chocolate were linked to bingeing and vomiting. 

 In a further follow-up analysis of the attitudes towards chocolate questionnaire, Cramer and Hartleib 
 [  59  ]  again factor analyzed the measure in a sample of 701 participants. In this study, a two-factor solu-
tion was optimal corresponding to the factors of craving and guilt. Importantly, females scored higher 
than males on both cravings and guilt over chocolate. Furthermore, the craving scale was associated 
with depression and obsession coupled with low self-esteem and social desirability. High guilt scores 
were associated with depression, anxiety, disordered eating, obsessions, and low self-esteem. 

 In summary, it would appear that the habitual suppression of thoughts related to chocolate is asso-
ciated with disordered emotions and eating patterns.  

   Effects of Suppressing Chocolate Thoughts on Behavior 

 Even though there are no speci fi c studies looking at suppression of chocolate thought on subsequent 
chocolate intrusions, it seems clear from other research on general food-related suppression that it is 
possible that suppressing thoughts about chocolate will lead to greater subsequent thought rather than 
less. However, the impact of suppressing chocolate-related thoughts on subsequent behavior is clearer, 
as will be shown in the following section. 
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 In one of the earliest studies to explore behavioral effects of chocolate thought suppression, 
Johnston, Bulik, and Anstiss  [  60  ]  had participants (20 chocolate cravers and 22 non-cravers) suppress or 
monitor their thoughts about chocolate. Participants then took part in a computerized task in which 
better performance was rewarded with increasing amounts of chocolate. Results indicated that suppression 
participants performed signi fi cantly better on the computerized task, earning more chocolate than moni-
toring participants. However, the outcome was not affected by whether the participants were classi fi ed 
as chocolate cravers or non-cravers. Therefore, although the authors did not measure actual chocolate 
consumption, they demonstrated that participants who had been trying to avoid thinking about choco-
late subsequently worked harder in the computer task to earn greater amounts of chocolate. 

 Studies and research on eating behavior have often been perplexed by the relationship between 
heightened control of eating and overeating  [  44,   61–  63  ] . In an attempt to explore this further, Mann 
and Ward  [  64  ]  either prohibited participants from eating a food (of their own choosing with the require-
ment that it was something they rated as neither disliking or liking) or encouraged them to avoid it by 
choice or gave them no prohibition. They then assessed food intake, food thoughts, and food desire 
both pre- and post-forbidding the food. Results indicated that in both avoidance conditions, thoughts 
of the food increased. However, desire only increased among participants required to avoid the food. 
When examining actual consumption, no effect of the manipulations was demonstrated. 

 Following this study, Erskine and colleagues reasoned that if suppressed thoughts subsequently 
return more frequently (i.e., rebound), then perhaps suppressed thoughts regarding behaviors may 
also rebound  [  65–  67  ] . Therefore, Erskine  [  65  ]  had non-dieting participants either suppress, express 
(think about), or merely monitor (control group) thoughts of chocolate for a 5-min period. Participants 
were then introduced to an ostensibly unrelated task where they were asked to try two different brands 
of chocolate and answer a lengthy questionnaire about which they preferred. Participants were 
unaware that the amount of chocolate they consumed was being measured. Importantly, the results 
demonstrated that both males and females in the suppression condition consumed signi fi cantly more 
chocolate than the control participants, thus rebounding. Interestingly, for females, suppression par-
ticipants also consumed more than the group that had been actively thinking about chocolate (this was 
not the case for males). 

 In a follow-up study, Erskine and Georgiou  [  66  ]  investigated how the effects of chocolate thought 
suppression might be moderated by participants’ restrained eating status. Restrained eating refers to 
a chronic tendency to restrict food intake  [  44  ] . Thus, in this study, 127 female participants were again 
asked to suppress, express, or merely monitor chocolate thoughts for a 5-min period. However, mea-
sures of participants’ restrained eating status were taken prior to participation. After the thought 
manipulation period, once again all participants had the opportunity to try two brands of chocolate 
and answer questions regarding their preference. In this study, an interaction between the effects of 
the thought manipulation and participants’ restrained eating status was demonstrated. Thus, restrained 
eaters who suppressed thoughts of chocolate ate signi fi cantly more than all other participants who ate 
less but comparable amounts. Erskine and Georgiou  [  66  ]  also gave all participants the attitudes 
towards chocolate questionnaire assessing guilt, cravings, and functional use of chocolate and measures 
of the extent to which participants used thought suppression in everyday life  [  48,   58  ] . The correla-
tional results indicated that the amount of chocolate consumed was related to higher body mass index 
scores and greater reported liking for chocolate. In addition, dietary restraint was highly positively 
correlated with participants having higher body mass index scores and greater guilt over chocolate 
consumption. However, everyday use of thought suppression was not correlated with the outcome 
measure of actual chocolate consumption (but this measure of thought suppression was not speci fi c to 
chocolate suppression). 

 In several further studies examining a different behavior (smoking behavior), Erskine and col-
leagues have demonstrated that the post-suppression behavioral rebound previously demonstrated 
with chocolate consumption also occurs with smoking behavior  [  67  ] . Thus, Erskine et al.  [  67  ]  show 
that suppression of smoking thoughts in comparison with expression or monitoring results in greater 
subsequent smoking. Interestingly, Erskine et al.  [  68  ]  also show that suppression of smoking thoughts 



48536 Behavioral, Cognitive, and Affective Consequences of Trying to Avoid Chocolate

does not appear to elevate smoking cravings but may elevate scores on associated behaviors. 
Thus, they demonstrate that participants who suppressed thoughts of smoking for 5 min subsequently 
reported being signi fi cantly hungrier than participants who had expressed or monitored their smoking 
thoughts. This effect was still present 15 min after suppression. This demonstrates that the suppres-
sion of one appetitive thought can lead to increases in other related appetitive thoughts. 

 There is also evidence that direct behavioral control may have similar effects to thought control. 
Thus, Polivy et al.  [  69  ]  separated 103 participants into three experimental groups. One group was 
deprived of chocolate for 1 week, one group was deprived of vanilla, and the  fi nal group was not 
deprived. After the week, participants took part in a laboratory-based taste preference task in which 
they had to rate their preference for certain foods. Once again, Polivy et al.  [  69  ]  measured partici-
pants’ restrained eating status. Results indicated that restrained eaters that were deprived of chocolate 
subsequently ate the most chocolate in the taste test and reported experiencing more cravings. Thus, 
it would appear that in addition to suppressing thoughts of chocolate, direct behavioral prohibition 
may have similar effects. 

 In another study of the effects of behavioral prohibition, Stirling and Yeomans  [  70  ]  gave half of 
their participants a bag of 30 chocolates (Hershey’s Kisses) and asked them to carry it with them for 
the next 24 h and were told to avoid eating any of the chocolate. Control participants were not given 
any chocolate or instructions to avoid chocolate for the 24-h period. Participants were also divided 
into restrained and non-restrained eaters. Results indicated that both restrainers and non-restrainers 
experienced chocolate cravings during the 24-h period. Furthermore, some of the restrained eaters 
that had been given the bag of chocolates consumed some of its contents, but this was not the case for 
the non-restrainers. Participants were then given a laboratory-based taste test where they were asked 
to try three bowls of chocolate and answer questions about their taste characteristics. Critically, they 
found two main effects. Thus, restrained eaters consistently consumed more than non-restrainers. And 
participants in the temptation condition consumed more than the control condition. There was no 
interaction between the conditions. 

 In a new study Georgiou, Erskine, Soetens, Craeynest, and Paphiti-Galeano  [  71  ]  wanted to tease 
apart the effects of thought suppression and behavioral avoidance on subsequent chocolate consump-
tion. Thus, prior research has suggested that if both behavioral prohibition and thought suppression 
regarding chocolate can result in increased subsequent consumption, would participants engaging in 
both strategies simultaneously consume even more chocolate than participants using only one indi-
vidual strategy  [  66  ] . In this study  [  71  ] , therefore, participants were asked to either suppress thoughts 
of chocolate, avoid eating chocolate without suppressing thoughts about it, or suppress chocolate 
thoughts and avoid eating it or merely monitor their thoughts and not attempt control. Once again, 
measures of restrained eating status were taken. Results indicated that only restrained eaters that were 
in the group that both suppressed chocolate thoughts and the behavior of eating chocolate subse-
quently came to consume chocolate at in fl ated rates. This study, therefore, suggests that rebounds may 
be stronger if participants use both avoidant strategies in combination. In this study, there was a trend 
for thought suppression alone to also result in increased subsequent consumption, but it was not 
signi fi cant at conventional levels. 

 There is also evidence that participants may show a general inhibitory de fi cit that can account for 
some of their overeating. Thus, in a study examining the effects of general inhibition of chocolate 
consumption by Allan, Johnston, and Campbell  [  72  ] , participants were allowed to consume unlimited 
quantities of chocolate by being told they were part of a consumer study. All participants reported 
healthy dietary intentions. Importantly, the amount of chocolate consumed was predicted by a general 
measure of cognitive inhibition (an inhibitory stroop task). Thus, individuals who had problems sup-
pressing irrelevant information ate more chocolate and scored higher on the body mass index. 

 While it is possible that individuals attempting to avoid overeating chocolate could use one or other 
of the above strategies, it is most probable that in everyday life, individuals will use both in tandem  [  71, 
  73  ] . Thus, to illustrate, imagine you are an individual who frequently experiences intense chocolate 
cravings and is prone to overeating at times. In addition, you currently are a few kilograms over your 
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ideal weight for your height and therefore have decided to cut out excess chocolate in an attempt to 
normalize your weight. Under these circumstances, it is probable that you will seek to avoid consum-
ing chocolate; thus, you will start to behaviorally avoid it as well as try to avoid thoughts and cravings 
about chocolate via suppression. Soetens, Braet, Van Vlierberghe, and Roets  [  74  ]  report that a combi-
nation of suppressing chocolate thoughts and behavioral avoidance in a naturalistic context for 24 h 
results in enhanced subsequent laboratory chocolate consumption relative to groups not attempting 
control. These processes may include strategies using willpower, say when out with friends for a meal, 
but may also include strategies such as not keeping chocolate in the house, that is, avoiding cues that 
have been shown to cause cravings  [  75–  78  ] . Fujuita  [  79  ]  has suggested that controlling oneself does 
not merely involve inhibiting various impulses but is much broader. Furthermore, Fujuita suggests that 
it is precisely when individuals rely too heavily on the effortful inhibition of various impulses that they 
experience more failures of self-control  [  79  ] . Studies have also indicated that controlling oneself may 
consume resources that become depleted with time. Therefore, after participants engage in a period of 
self-control, they frequently become less successful at controlling themselves on subsequent tasks 
 [  80,   81  ] . Thus, for example, if one attempts to avoid eating and thinking about chocolate all day, it is 
probable that by evening, one will have depleted the resources that enable self-control and therefore 
will be highly susceptible to self-control failure, which will include eating the chocolate that one is 
attempting to avoid, if encountered. The depletion of self-regulatory resources has been shown to lead 
to poorer self-control in subsequent eating behaviors, and evidence also shows that positive mood can 
restore previously depleted resources. In Tice et al.  [  81  ]  (study 4), participants were asked to avoid 
eating for 3 h prior to the study. They were then exposed to the sight and smells of freshly baked cook-
ies, chocolate M&M’s, and a bowl of radishes. Participants were informed that they were all in the 
radish condition and would be performing a taste test on the radishes but would have to refrain from 
eating the cookies or M&M’s. They were then left for a period of 10 min while eating radishes and 
avoiding eating the cookies and chocolates. Participants were also told that they would have to refrain 
from eating cookies and M&M’s for 24 h after the study to arti fi cially induce desire for these items. 
Next, half of the participants viewed a neutral  fi lm, while the other half viewed a comedy. Participants 
were then instructed to perform a drawing task (that they were unaware was actually insolvable) and 
to notify the experimenter when they wished to end the task. Results showed that participants viewing 
the comedy persisted longer than participants viewing the neutral  fi lm. This study demonstrates that 
depleted self-control resources may be replenished by the induction of positive mood. 

 What is evident from the behavioral rebound literature is that chocolate avoidance (both in thought 
and behavior) will lead to increased subsequent consumption, although the effects seem most evident 
in participants who are also restrained eaters. Recent research has started to indicate methods by which 
one may reduce consumption without untoward consequences. Chief among these are mindfulness-
based mental strategies focusing on accepting thoughts and cravings rather than suppression  [  82  ] . In 
addition, Morewedge and colleagues have also shown that chocolate consumption can be reduced fol-
lowing participants imagining consuming chocolate prior to being given the opportunity to actually 
consume chocolate  [  83  ] . The reduction in chocolate consumption following imagined consumption is 
hypothesized to result from habituation to chocolate following repeated imagined consumption.  

   Summary 

 The effects reported in this chapter may go some of the way towards explaining the often-cited yet 
perplexing  fi ndings that diets where avoidance is recommended do not commonly work and that the 
net effect of going on a diet is a subsequent increase in thoughts about food, increased consumption, 
and weight gain  [  63,   84,   85  ] . 
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 To conclude, although there are no studies on the effects of chocolate thought suppression on 
 subsequent chocolate thought intrusions, the data from studies on general food-related thought sup-
pression indicate that suppressed food thoughts can rebound, although various factors interact to make 
this only occur in certain individuals and certain circumstances. In contrast, the data on suppressing 
thoughts about chocolate on subsequent chocolate consumption are remarkably consistent. The gen-
eral  fi ndings indicate that avoiding chocolate thoughts will lead to increased subsequent consumption. 
Furthermore, there is consistent evidence that restraining oneself from eating chocolate with or with-
out associated thought suppression can also lead to subsequent overeating of chocolate. However, in 
both cases, the effects are far more pronounced in restrained eaters. It would therefore appear that as 
chocolate represents one of the most frequently craved and avoided substances and it is ubiquitously 
available, it represents a danger for common overconsumption. This chapter has indicated that avoid-
ance of chocolate in both thought and behavior is not likely to engender abstinence. Future research 
needs to investigate potential strategies that might more effectively enable individuals to successfully 
regulate their chocolate consumption. Most promising appear mindfulness-based cognitive strategies 
and imagined consumption.      
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    The one thing he longed for more than anything else was … CHOCOLATE. Walking to school in the mornings, 
Charlie could see great slabs of chocolate piled up high in the shop windows, and he would stop and stare and 
press his nose against the glass, his mouth watering like mad. 

  – Charlie and the Chocolate Factory,  by Roald Dahl   

   Introduction 

 In his book  Charlie and the Chocolate Factory , Roald Dahl describes a child’s fantasy of chocolate 
waterfalls, endless chocolate bars, and the prospect of owning your own chocolate factory. Children 
and chocolate seem to be a natural marriage, which is celebrated across the world on various occa-
sions throughout the year. Easter is the holiday most often associated with chocolate in the western 
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 Key Points 

    Chocolate is ranked among children’s favorite foods in the West and increasingly in other • 
societies.  
  Children’s chocolate preferences appear to be more diverse than adults’.  • 
  Chocolate of the sort generally marketed to children contains approximately 30% fat and up to • 
45% sugar, giving it a very high energy density (2,200 Kj/100 g) likely to engender satiety, making 
it likely that children will acquire a taste for it without dif fi culty.  
  Taste preferences are mostly learned through repeated exposure, but overexposure can lead to • 
decreased liking, even for chocolate.  
  Severe parental restriction of sweet foods may increase children’s liking and desire for them, • 
which can lead to increased consumption when parents are absent.    
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world, 15% of annual chocolate sales occur in the 4 weeks prior, and production is ramped up over 
6 months earlier in order to build up stocks to cater for this  [  1  ] . The iconic Easter rabbit is a construct 
that is clearly aimed at children, both as a fantasy and as a hollow, foil-covered chocolate confection, 
while chocolate eggs and boxes of chocolates are an appropriate gift for both children and adults. 

 In the Netherlands, the traditional Sinterklaas Eve party is a child-centered tradition that is always 
celebrated with, among other things, a gift of an initial of each child’s name made out of chocolate. 
Originally these initials were made of bread dough, but like Easter eggs, chocolate is now the norm 
 [  2  ] . For the Jewish holiday of Chanukah, children were traditionally given coins, which these days are 
often made of foil-wrapped chocolate instead. In fact, celebrations of all sorts are so associated with 
chocolate that the Mars confectionery company distributes a box of chocolates called “Celebrations.” 
No child will be surprised to receive chocolate as part of a special occasion. 

 This chapter will explain what is currently known about the role of chocolate in children’s diets 
and drivers of children’s chocolate consumption, such as taste preferences and parental in fl uences.  

   Role of Chocolate in Children’s Diets 

 Although the food industry presumably has a good understanding of the quantity and types of choco-
late children consume, there is relatively little information publicly available. Several studies, as will 
be shown below, investigated the snacking behavior of children, but very few provide speci fi c infor-
mation about chocolate. 

 Skinner et al. (1998) found that according to their mothers, 89% of toddlers liked and ate milk 
chocolate  [  3  ] . A US survey found that between 1977 and 1996 there was an increase in the incidence 
of children’s snacking behavior, although the snacks did not change much in size or energy density, 
the number of snacking occasions increased, and the average number of calories obtained from snack 
foods among 6–11-year-olds rose from 18% to 24% of daily intake. Snacks represented about 24% of 
the calorie intake of the average child but only 20% of intake of micronutrients  [  4  ] , suggesting that 
snacks are a less desirable method of feeding a child whose diet is not energy depleted. The US FITS 
cross-sectional survey of toddlers and infants found that by 18 months of age 10% of children were 
being given candy as part of their afternoon snack, but speci fi c data for chocolate was not given  [  3  ] . 

 In a longitudinal study of 5–11-year-old girls in the United States, it was found that chocolate was 
ranked highest, along with Skittles, cookies, and ice cream, and preferences remained relatively stable 
as the children grew up. Unfortunately, it was not clear from this study what type of chocolate the 
children preferred  [  5  ] . The Texas-based CATCH project found that chocolate candy was a popular 
snack food, coming seventh on the list of snacks and representing 4% of snacks eaten (as measured per 
piece rather than by weight). They also found that children preferred skimmed chocolate- fl avored milk 
over plain whole or skim milk at lunchtime; it represented 19% of dairy food choices and was chosen 
three times as often as chocolate candy. Thus, while American children like chocolate, they consume 
it even more often as milk  fl avoring and in cakes and cookies than as confectionery  [  6  ] . This suggests 
that chocolate  fl avoring offers a potential method of encouraging the consumption of low-fat milk. 

 A review of chocolate consumption published in 1994 found that snacks accounted for 66% of 
chocolate candy intake. The remainder occurred largely at lunch and dinner, leaving breakfast as the 
only meal of the day without a signi fi cant chocolate component  [  7  ] . A longitudinal study of French 
children reported that chocolate was nominated by 84–86% of children as one of their ten favorite 
foods  [  8  ] . Also, in Edinburgh  [  4  ]  and Liverpool, children nominated chocolate as among their favorite 
foods  [  9  ] . An English survey of children’s snacking behavior as reported by both their parents and 
themselves found chocolate to be the second most frequently eaten children’s snack food  [  10  ] . 

 In a 1994 study of the chocolate and snack food intake of 200 English and German children 
between 9 and 11 years of age, the children were asked about the food they brought to school and their 
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weekly chocolate consumption; they were also offered a table of snack foods to choose from. There 
were clear national differences in chocolate consumption, which were most signi fi cant in the lower 
SES children. The lower SES English children ate approximately  fi ve times as much chocolate as the 
higher SES children from both countries, while low SES German children only reported eating twice 
as much chocolate as high SES children. National differences were negligible among the higher SES 
children and increased somewhat among middle SES children (Fig.  37.1 )  [  11  ] .  

 In another study, British children of lower SES were found to eat more of their daily energy intake 
in the form of snacks than higher SES children  [  12  ] . 

 Thus, it is apparent that while the consumption of chocolate by children is widespread, it is also 
highly variable and probably increasing along with increasing snacking activity in general, driven at 
least in part because children have more disposable income and are likely to spend some of on candy, 
including chocolate. It may also re fl ect a more intensive and successful environment for marketing to 
children in England than in Germany  [  13  ] . A 2007 survey by the British consumer magazine  Which  
found that children were most likely to spend their pocket money (allowance) on snacks, including 
sweets, chocolates, and crisps. These were often bought without their parents’ knowledge, on the way 
to and from school. They found that the amount of pocket money the children received had risen 
approximately 600% in the previous 20 years, which is well in excess of in fl ation  [  14  ] . This would 
imply that British children’s improved  fi nancial position is contributing to increased snack consump-
tion, a signi fi cant amount of which is in the form of chocolate. Research done in Chicago on low-
income families in 2008 found that the more pocket money children received, the more likely they 
were to have similar unhealthy eating patterns to their mothers’  [  15  ] . However, a survey of New 
Zealand children found that they saved most of their pocket money, and when asked what snack they 
would buy, only 14.3% nominated chocolate  [  16  ] . 

 It has also been found that grandparents have a signi fi cant effect on children’s pocket-money status 
and are thus an important contributor to children’s independent snack purchases. Grandparents are 
often ignored in studies, which may help to explain the erratic nature of the results, since grandpar-
ents’ impact on children’s lives is likely to be extremely variable  [  17  ] . It would appear that while 
increasing discretionary income (pocket money/allowances) among children has led to increased 

  Fig. 37.1    Average chocolate consumption of English and German children in bars per week. Created with data col-
lected from Reference  [  11  ]        
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snack and chocolate consumption, this varies considerably across nationalities and social groups, and 
very little is really known about it. 

 Although Africa and Asia currently lag the West considerably in chocolate consumption, Asia 
especially is being targeted by chocolate manufacturers as a growth market  [  18  ] . It was reported in 
 China Today  in 1993 that Swiss chocolate was among Chinese students’ favorite foods  [  19  ] , and retail 
sales volumes of chocolate confectionery in the Middle East and Africa are projected to grow by 20% 
over the next 5 years  [  20  ] . In the United States in 2009, chocolate products classi fi ed as “Kids” 
accounted for 12% of new product launches  [  21  ] . 

 Chocolate is a popular snack among children both in the West and increasingly in other societies. 
Children’s snacking behavior and associated chocolate intake is most likely increasing, partly due to 
their improved  fi nancial situation.  

   Drivers of Chocolate Consumption 

 Although children are limited in their food choices by their cultural environment, wherever the food 
supply is adequate, there is a wide variety of foods available, and children tend to choose the foods 
they like  [  22  ] , regardless of their knowledge of the likely health consequences  [  17  ] . Thus, an under-
standing of what foods children like, why they like them, and how these preferences develop is crucial 
to an understanding of children’s chocolate consumption. 

   Taste and Flavor Preferences of Children 

 What in common parlance is called “taste” generally refers to a combination of taste and aroma that 
is more properly described as “ fl avor.” Humans can detect  fi ve distinct tastes: sweet, salty, bitter, sour, 
and umami, which can be perceived on all areas of the tongue  [  23  ] . Recent research suggests that 
humans can also detect various fatty acids, which would make fat the sixth taste  [  24–  26  ] . Infants’ and 
children’s sensory perception of umami and fat taste will not be discussed in this chapter, owing to the 
very limited research currently available. The experience of taste is a result of the stimulation of spe-
cialized taste receptor cells grouped in small clusters known as taste buds mainly on the tongue and 
around the oral cavity but also on the hard and soft palate, the pharynx, the larynx, the tonsils, the 
esophagus, and the epiglottis. The taste buds on the tongue are located in three different types of taste 
papillae, the fungiform, circumvallate, and foliate papillae  [  27,   28  ] . 

 Liking and preference tend to be con fl ated; however, liking in the context of food refers to a hedo-
nic enjoyment of the  fl avor and process of eating (e.g., I like this chocolate cake), whereas preference 
is the hedonic evaluation of a stimulus relative to other stimuli (e.g., I prefer this chocolate cake over 
that banana cake)  [  29  ] . Although people may prefer chocolate cake over banana cake, it does not 
necessarily mean that they like chocolate cake; it may be that both cakes are disliked, but chocolate 
cake is just a little bit less disliked than banana cake.  
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   Flavor Masking and Chocolate 

 In a study conducted in Utah, children were asked to rate the palatability of various  fl avorings in acti-
vated charcoal (an unpleasant-tasting medication that is given in large quantities to children sus-
pected of swallowing poisons, among other things). Chocolate milk was preferred by 39% of children 
ahead of Coca-Cola and cherry syrup at 23% each  [  30  ] . However, a Canadian study found that 50% 
of children preferred cola and only 19.2% preferred chocolate milk and 15.4% preferred orange juice 
and plain water each, which meant that only cola was signi fi cantly preferred over plain water  [  31  ] . 
The children in this study were approximately 2 years younger than in the former, with a mean age of 
6.5 ± 1.4 years of age, whereas the Utah group had a mean age of 8.3 years, which may explain some 
of the difference. The discrepancy may also perhaps be due to regional or national differences in the 
drinks that the children are normally given. Additionally, more than 60% of the Utah children indi-
cated that their preferred activated charcoal  fl avor was not the  fl avor they normally preferred. More 
work needs to be done in order to properly understand the best use of chocolate  fl avor in improving 
the palatability of various medicines  [  32  ] .  

   Development of Taste and Flavor Preferences 

 The biochemical processes leading to chocolate  fl avor development are extremely complex and not 
yet fully understood. Chocolate, like wine, starts with differing plant varieties and growing conditions 
and then requires elaborate processing to achieve the  fi nal product  [  33  ] . The  fl avor of cocoa mass is a 
result of both volatile and nonvolatile aromatic compounds, the most important of which are 
2- methylpropanol, 2-methylbutanol, and 3-methylbutanol, but there are many hundreds of different 
chemicals that make a signi fi cant contribution  [  34  ] . Chocolate also contains methylxanthines, includ-
ing theobromine and caffeine, which are responsible for some of the bitterness in the  fl avor  [  35  ] . 
People vary in their ability to taste different bitter compounds, and increased sensitivity is related to 
food aversions in children  [  36  ] . Most chocolate contains a considerable amount of sugar, with milk 
chocolate being approximately 45% sugar and dark chocolate going from 0% to 45% sugar, depend-
ing on brand and type. Therefore, the two basic tastants – among a wide variety of other  fl avors – that 
dominate chocolate are sweet and bitter, which will be discussed further.  

   Sweet Taste 

 At birth, human infants exhibit an innate dislike of sour and bitter tastes and a preference for sweet 
tastes, with a preference for salty tastes developing after a few months of age  [  37  ] . Historically, sweet-
ness was generally associated with energy from sugars, in the case of breast milk, lactose, and galac-
tose. Infants and children have a high need for energy because of their rapid growth and development. 
It has repeatedly been shown that children have a preference for higher concentrations of mono- and 
disaccharides than do adults  [  38  ] . Recently, it has been found that children who are in a stage of rapid 
growth have a higher preference for sweetness than their peers who have passed this stage of rapid 
growth  [  39  ] . Furthermore, it has been found that 8–9-year-old boys still have signi fi cant maturation 
of their taste systems to undergo and have measurably poorer ability to detect sweet, salty, sour, and 
bitter tastes than either girls their own age or adults, which may also help explain the preference 
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among some children for more extreme  fl avors. Girls’ gustatory systems, however, are fully mature at 
this age  [  40  ] . This would suggest that it is wise to distinguish children by sex when doing taste tests 
or food marketing, as the boys may be expected to like different, perhaps stronger,  fl avors than the 
girls, leading to the possibility that boys may prefer darker (higher cocoa mass) chocolate more than 
girls. This may be a fruitful area for further research.  

   Bitter Taste 

 Children’s dislike for bitter tastes has been well reported on, but individual variations do exist. 
Anlinker measured children’s sensitivity to a bitter compound, 6-n-propylthiouracil (PROP), which 
some people perceive as extremely bitter and others are not able to taste at all. Children who showed 
high sensitivity for PROP were found to be slower to eat cheese and quicker to drink milk than those 
who were less able to taste it, implying that they liked mild-tasting milk more than stronger-tasting 
cheese in contradistinction to the nontasting children who ate the cheese before they drank the milk 
 [  35  ] . In other studies, PROP-sensitive children were found to dislike the taste of spinach  [  41  ]  and to 
consume smaller quantities of bitter-tasting vegetables (black olives, cucumber, and broccoli) than 
nontaster children  [  42  ] . Nonetheless, children’s liking for bitterness seems to increase with age. 
Whereas children in general dislike bitter notes in foods  [  43  ] , adults learn to enjoy some bitter foods 
such as coffee and alcohol  [  44  ] . This is likely to be related to repeated exposure and the positive post-
ingestive consequences of these foods  [  45  ] . Unlike other taste receptors, which respond to a small 
range of stimuli, bitter receptors must respond to a vastly wider range of potentially toxic chemicals 
and must be able to do so at much lower concentrations in order to avoid poisoning  [  46  ] . Although 
most poisons are bitter tasting, in the modern food supply, most bitter-tasting substances are not toxic 
in the concentrations found in food. Therefore, the ability to learn to like bitter tastes in association 
with ingested kilojoules increases the number of different foods available, helping to forestall famine 
and improve micronutrient intake  [  47  ] . It has been suggested that the combination of fat and sugar 

  Fig. 37.2    Distribution of 
consumer’s ideal points along 
the aroma/ fl avor  fi rst 
principal component using a 
one-dimensional ideal point 
model. Numbers represent 
chocolate milk samples. 
X represents the position of 
the average consumer 
(Reprinted from Food Quality 
and Preference, 9/4, 
Guillermo Hough, Ricardo 
Sánchez, Descriptive analysis 
and external preference 
mapping of powdered 
chocolate milk, 197–204, 
Copyright 1998, with 
permission from Elsevier)       
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makes foods, including chocolate, highly palatable  [  48  ] . The high sweetness of chocolate may 
decrease the perceived bitterness, which would be favorably perceived by children who prefer very 
sweet foods but generally show an aversion to bitter-tasting foods. 

 Very little is known about children’s preferences regarding chocolate  fl avoring, but they may not 
necessarily be the same as adults’. In a study of preferences for powdered chocolate milk formulas, 
children’s (11–12 years) average preferences for appearance,  fl avor, and texture of the various choco-
late milk recipes were slightly different from adults’ average preferences and considerably more 
 variable. Figure  37.2  shows the distribution of adult and child consumers’ ideal points along the 
aroma/ fl avor axis where principal component one (PC1) relates almost exclusively to chocolate  fl avor, 
with sweet/milky descriptors to the left and chocolate  fl avor on the right. It can be clearly seen that 
children’s preferences for cocoa  fl avor are much more spread out than adults’, with many children 
preferring a sweeter, less chocolaty recipe as well as a signi fi cant number preferring a stronger more 
bitter cocoa  fl avor. Children who preferred a strong chocolate  fl avor also preferred darker-colored 
chocolate milk, which may imply that children preferring a more intense chocolate  fl avor are aware 
that it can be assessed by color as well by taste.  

 A formula re fl ecting average preferences would satisfy most adults, while many children would 
prefer either considerably more or less cocoa  fl avor  [  49  ] . 

 Adults’ preferences have likely been conditioned by exposure over their lives to converge on 
 fl avors similar to those promoted by the large chocolate manufacturers, whereas children’s prefer-
ences have not had time to do this and perhaps tend to re fl ect their innate variability. It is also possible 
that incomplete maturation of the boys’ gustatory systems causes them to prefer stronger  fl avors in 
some cases. This study did not distinguish between girls and boys, so it is not possible to assess 
whether boys preferred stronger more chocolaty  fl avor than girls. It is also possible that these results 
would be relevant to chocolate candy preferences and that manufacturers of children’s snacks are 
neglecting a market for darker, more bitter chocolate  fl avors. As dark chocolate has by de fi nition more 
cocoa mass and less sugar and fat than milk chocolate and thus larger amounts of bene fi cial  fl avonoids, 
it may be appropriate to encourage these children’s preference for it.  

   Repeated Exposure: Role in Forming Preferences 

 Children’s taste preferences in general change as a function of exposure. Birch, among others, has 
suggested that children need at least eight exposures to an unfamiliar food before it can become liked. 
It is likely that signi fi cantly fewer exposures are required when the novel food is high in sugar, fat, 
and salt  [  50  ] . The positive effect of exposure on liking is facilitated by two basic learning mecha-
nisms,  fl avor-nutrient learning and  fl avor- fl avor learning.  

   Flavor-Nutrient Learning 

 Children’s food likes and dislikes are learned and modi fi ed as a result of the post-ingestive conse-
quences of their food intake  [  51  ] . Animals learn to avoid foods that make them feel ill  [  52  ]  and to 
prefer foods that make them feel satiated; thus, foods and  fl avors associated with high energy densi-
ties become preferred  [  53  ] . The same biological principles apply to children. For example, children 
who were offered two differently  fl avored drinks with associated differences in carbohydrate con-
tent learned to prefer the drink with the higher energy density  [  54  ] . Children can also acquire prefer-
ences for foods with high energy densities based on fat content. In an experiment using yogurts with 
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identical carbohydrate and protein content but varying fat contents, the children learned to prefer the 
high-fat yogurt after drinking appreciable quantities of the food. A similar group that was only sup-
plied with a small taste of the yogurts insuf fi cient to create satiety did not prefer either  fl avor, indi-
cating that it was the  fi rst group’s bodies’ recognition of energy-dense food in the gut that lead to the 
high-fat  fl avor becoming preferred  [  55  ] . Chocolate of the sort generally marketed to children con-
tains 30% fat and up to 45% sugar, giving it a very high energy density (2,200 Kj/100 g) likely to 
engender a feeling of satiety and making it very likely that children will acquire a taste for it without 
dif fi culty  [  56  ] .  

   Flavor-Flavor Learning 

 Flavor- fl avor learning is a result of the ability to learn to enjoy a new  fl avor when it associated with a 
familiar liked  fl avor  [  57  ] . For example, Havermans and colleagues exposed children to broccoli. The 
 fi rst group was asked to eat the broccoli in combination with a nonnutritive sweetener; the other group 
was asked to eat it plain. After only a single exposure to the sweetened broccoli, children began to 
develop a liking for broccoli even without the added sweetener. Chocolate is a well-liked  fl avor 
among children; by using the  fl avor- fl avor association principle, chocolate  fl avor could potentially be 
used to help children develop liking for new foods.   

   Flavor Aversion and Chocolate 

 In the same way that  fl avors become liked by being combined with positive post-ingestive conse-
quences,  fl avors may become disliked if they are associated with negative post-ingestive conse-
quences, speci fi cally nausea. Animals that have experienced nausea shortly after eating a food are 
likely to develop an aversion to it, especially if it is unfamiliar to them. Foods with strong tastes and 
odors more easily become the target of acquired food aversions  [  58  ] . Chocolate, along with coffee, 
tea, citrus fruit, red meat, and ice cream, is one of the most commonly reported food aversions among 
adults and children undergoing chemotherapy  [  59  ] . Some of the foods were associated with the treat-
ment and thus came to be disliked; others just seemed to taste unpleasant. Retrospective surveys have 
suggested that between 38% and 65% of healthy individuals have at least one conditioned food aver-
sion  [  60  ] . Caretakers of sick children who may be anticipated to suffer from nausea and anorexia may 
be advised to keep foods such as chocolate out of their child’s diet during treatment regimens, so as 
to maintain its favored status until such time as the child is well enough to eat properly and gain 
weight again.  

   Persistence of Preferences 

 It is generally assumed that preferences learned in childhood will persist into adulthood, but there is 
not much evidence in support of this belief, as longitudinal studies are rare. In the Minnesota Heart 
Health Program study, children’s food preferences were tracked over 6 years, during which the chil-
dren were presented with pairs of snack foods and asked to “choose which they would usually eat 
when given the choice.” Choices were found to be relatively stable over that period of time, with those 
who initially made the greatest number of healthy choices still making the greatest number of healthy 
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food choices 6 years later, and vice versa, suggesting that dietary habits do persist. Snack foods are by 
design highly palatable, and such foods apparently do not fall out of favor over the course of child-
hood; on the contrary, they become more popular. It was rare for the snack foods to become less liked 
 [  61  ] . This study did not include fruits or vegetables as snacks, which, being less palatable, may have 
shown a different trajectory. A more general study of the persistence of children’s food preferences 
also found that the number of foods liked did not change signi fi cantly from ages 3 to 8, though the 
number disliked grew as the children were introduced to new vegetables. 

 While exposure is necessary for liking for most foods to develop, it is also the case that overexpo-
sure can cause boredom and ennui. In a study of snack eating, those eating a chocolate bar everyday 
reported a decrease in pleasantness, their preference for and frequency of eating chocolate  [  62  ] . Thus, 
it might be expected that children’s preferences for speci fi c chocolate snack bars would decline 
between ages 5 and 11, if eaten very frequently. That this does not occur suggests that intake is 
suf fi ciently infrequent for the formation of monotony effects. Although the high level of new product 
launches in the “kids,” chocolate lines would indicate that manufacturers do not wish to rely on this 
being the case.  

   Parental In fl uences 

 Parents’ and children’s food and snack intakes have shown signi fi cant correlation along with eating 
motivations and body dissatisfaction, leading to the suggestion that children learn these behaviors and 
attitudes from their parents, usually their mothers  [  10,   63  ] . 

 Unfortunately, since parents generally provide both a child’s genes and much of its environment in 
its early years, it is dif fi cult to disentangle the one from the other. Studies of twins have found a 
greater similarity in food preferences in monozygotic as opposed to dizygotic twins, indicating an 
important though modest role for genetics in individual food preferences  [  64,   65  ] . 

   Parenting Styles 

 As chocolate is a highly energy-dense food and children’s liking of chocolate is well established, it 
can be assumed that children will eat more of it when it is available than is consonant with a healthy 
diet. Although in laboratory studies it has been suggested that children are reasonably able to control 
their energy intake  [  66  ] , in real life, they are distracted by portion size and energy density. Studies 
found that children eat up to 30% more when larger portion sizes of energy-dense food are provided 
than when they are presented with smaller portions of lower energy-dense foods  [  67  ] . Thus, many 
parents feel called upon to control their children’s intake of high-energy foods such as chocolate and 
other snacks by limiting their children’s access to these foods and by restricting their intake in their 
presence  [  68  ] . 

 It is, however, questionable whether severe restriction has the desired effects. Restricting children’s 
access to candy has also been shown to correlate with a higher level of preferred sweetness in an 
orangeade beverage. While only 33% of the less restricted children preferred the highest sugar con-
centration, 55% of the most restricted children did  [  69  ] . In another study, a group of 5–6-year-olds 
who were randomly assigned to a snack prohibition or an ad libitum group were presented with 
M&Ms (chocolates) and crisps colored red and yellow. The prohibition group was instructed not to 
eat the red foods. They were then assessed for their desire to eat each of the groups of foods and 
watched to see which of the groups they ate more of after the prohibition was lifted. Prohibition was 
found to increase desire after only 5 min, so forbidding the eating of a food immediately makes it 
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more  desirable, even when an identically palatable food is offered in its place. It was also found that 
children, whose parents imposed either very high or very low levels of food restriction at home, ate 
more kilocalories during the experiment than children with a moderate level of food restriction at 
home  [  70  ] . 

 These experiments suggest that restrictions on children’s snack intake can be counterproductive, 
serving to increase their desire for and intake of the restricted foods when surveillance is lifted. 

 Parents whose children are heavy and who are concerned about their children’s weight are more 
likely to attempt to restrict their children’s diets, and there is some evidence that parents who are more 
concerned about their own weight may also be more inclined to restrict their children’s food choices. 
Fisher and Birch reported in 1999 that mothers of overweight children imposed more restrictions on 
their children’s snack intake, which then led to greater consumption among the girls when unsuper-
vised, though not the boys  [  71  ] . There is evidence to show that parental restriction of children’s food 
choices is associated with higher BMIs and overeating in general, but while it is probable that restricting 
access to certain highly palatable foods makes them more liked and desired by children, it is also pos-
sible that parents of overweight or overeating children feel a greater need to monitor their food intake 
than others  [  72  ] . 

 It would appear that there is a cycle whereby children with inherently poor energy self-regulation 
resulting in heaviness are then restricted in their food intake (especially snack food) by their parents 
 [  73  ] . This then leads to an even greater preference for high energy density snack foods, and greater 
intake once parental vigilance is relaxed, as it inevitably must be when children grow up. Thus, it may 
be recommended that even overweight children should be moderately restrained in their snack food 
intake rather than being forced to endure extreme and counterproductive restrictions. 

 A US study of 12 focus groups of mothers of varying SES and ethnic background found all 12 
groups used sweets as bribes, rewards, and paci fi ers  [  74  ] , which have also been shown to increase 
children’s preference for snack foods  [  75  ] .   

   Summary 

 Chocolate plays an important role in many child-oriented celebrations across the globe. The many foods 
of which chocolate is a part, such as confectionery, drinks, bakery products, and cereals, along with the 
lack of speci fi c consumption data, make it dif fi cult to obtain a good estimate of how much chocolate 
children consume and what percentage of daily energy intake can be attributed to chocolate consump-
tion. For most western children, chocolate forms a small but well liked and probably growing part of the 
diet. It is also popular among children in other countries where it is a more recent addition to the diet. 
Children tend to eat more chocolate if they are from Northern Europe, if they are of a lower SES, if they 
are boys, if they are older, if they have more autonomy, and if they have more pocket money. However, 
it needs to be taken into account that very limited data are currently available in the public domain. 

 In general, children prefer high concentrations of sugar in a variety of foods and reject bitter 
 fl avors. Children can quite easily learn to appreciate  fl avors that are associated with high energy. 
Given the high sweetness and energy pro fi le of chocolate, it is not surprising that this commodity is 
well liked by children. The high acceptance of chocolate and its powerful  fl avor make it potentially a 
useful tool for masking unpleasant  fl avors in medical applications. 

 Parents play an important role in children’s taste development, food choice, and food consumption. 
Sugar-rich foods, including chocolate, are often restricted by parents in order to limit children’s intake. 
The effectiveness of such a strategy has, however, been questioned. 

 Chocolate and children are, and will mostly likely always be, strongly associated with each other. 
The pleasure chocolate gives to children is important; however, as with all high-energy foods, mod-
eration is the key to lifelong enjoyment.      
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    Dental Health 

 Dental health and dental caries are important worldwide health problems that are common in child-
hood  [  1  ] . Dental caries and related oral diseases like gingivitis and periodontitis are the most common 
oral diseases throughout the world. The prevalence of these diseases is continuously increasing in 
parallel with people’s changes in dietary habits and high consumption of sugar  [  2  ] . 

    Chapter 38   
 Chocolate Use and Knowledge in Oral and Dental Health 
in Children       

      Emine   Efe          and    Selma   Öncel             

 Key Points 

    Dental health and dental caries are important worldwide health issues that are common in • 
childhood.  
  Sugars are the most important dietary etiological cause of dental caries.  • 
  World Health Organization and Food and Agriculture Organization of the United Nations empha-• 
size the importance of reducing the consumption, frequency, and amount of carbohydrates that 
could be easily fermented for the prevention of dental caries, which is considered among the 
chronic degenerative diseases that could be prevented by improving individual lifestyle.  
  Nutrition education for the purposes of reducing caries incidence in children is aimed at informing • 
parents about the importance of reducing dietary exposures to sweet foods and hidden sugars.  
  Implementation of community-based preventive oral health programs focusing on healthy diet and • 
adequate oral hygiene practices should be promoted in schools through integration into the school 
curriculum and services to combat the growing problem of dental caries among schoolchildren.    
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 In contrast to improvements seen in many parts of the world, recent epidemiological surveys 
 suggest that caries experienced by young children in Middle Eastern countries has remained rather 
high considering the FDI/WHO goals for the year 2000 (50% of the children would be free of caries 
for the primary dentition at the age of 5–6 years)  [  3  ] . 

 In children under 6 years of age, early childhood caries (ECC) is a condition characterized by the 
presence of one or more decayed, missing, or  fi lled primary teeth  [  4  ] .  

   Prevalence 

 Dental caries is known as a chronic and multifactorial disease. The prevalence and severity of this 
disease historically have been very high, particularly among preschool- and school-age children, and 
have been considered as one of the most important global oral health burdens  [  5  ] . 

 Dental caries is accepted as a disease related to diet regime, and considering its prevalence and 
severity, there is a reduction in the developed countries, while an increase is noted in the developing 
countries due to the increasing sugar consumption and inadequate  fl uorine intake  [  6  ] . 

 Although there have been signi fi cant developments in oral and dental health in recent years, 19% 
of children between the ages of 2 and 5 years in the United States have dental caries, and this rate 
increases up to 52% in children between 5 and 9 years of age  [  7  ] . A prevalence study in Brazil 
reported the incidence of caries to be 43.8% for the same age group  [  8  ] . However, 83% of 6-year-old 
children in Turkey have caries in their milk teeth and/or permanent teeth. In the 6–8-year-old group, 
there is an average of 4.5–5 cavities in milk teeth and the prevalence of caries reaches up to 80%  [  9  ] . 
About 90% of school children throughout the world and most adults have experienced caries, and it is 
most prevalent in Asian and Latin American countries  [  5  ] . In Malaysia, the annual impact indicators, 
percentage of DMFT (decay, missing,  fi lled, extraction) among 12-year-old children, had improved 
from 47.4% with three or fewer decayed, missing, or  fi lled teeth in 1990 to 91.2% in 2000. In Sarawak, 
the mean DMFT score for 12-year-old decreased over the period of 10 years from 2.5 in 1997  [  10  ]  
to 1.4 in 2007  [  11  ] . Although this decreasing trend indicates an improvement in oral health status, 
environmental risk factors such as diet, nutrition, oral hygiene, tobacco, and alcohol  [  5  ]  can play an 
important role in the prevention of dental caries. 

 A linear correlation between total sugar consumption and caries prevalence has been well docu-
mented, and increased sugar consumption has long been considered as the most important risk factor 
for the disease  [  5  ] .  

   Reasons for Dental Caries 

 Dental caries is a multifactorial disease in fl uenced by many factors, including age, sex, dietary habits, 
mother’s education, oral hygiene level, oral health behavior, microorganisms, trace elements, saliva, 
genetic predisposition, and tooth morphology  [  12–  14  ] . 

 Early childhood caries has a complex etiology. It is affected by the amount of cariogenic bacteria, 
the presence of cariogenic foods, and the susceptibility of host tooth  [  15,   16  ] . Other environmental 
and behavioral factors such as oral hygiene habits, socioeconomic status, enamel hypoplasia,  fl uoride 
exposure, previous caries experience, access to dental care, and other dietary factors also affect caries 
development  [  15–  17  ] . Early childhood caries may lead to pain, improper speech development, reduced 
ability to chew, low weight for age, low self-esteem, and sleep disturbances; however, there is only 
weak or moderate evidence for many of these associations  [  18,   19  ] . It is likely that the arctic nutrition 
transition has been exacerbated by other oral health risk factors common in these regions, including 
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the practice of giving bottles to children at bedtime, lack of  fl uoridated water, inadequate access to 
dental health care, and lack of education about preventative measures  [  20–  22  ] . 

 In the recent studies, the rate of dental caries was reported higher in children of families with low 
socioeconomic level  [  23–  26  ] . 

 Extensive dental decay in preschool children or early childhood caries (ECC) is a troubling child 
health problem. Parents’ beliefs and attitudes toward dental health in fl uence the way they practice oral 
health for their children  [  27  ] . Therefore, parental belief systems and practices are important factors that 
mediate the in fl uences of culture on children’s oral health. Despite this gap in the knowledge, substan-
tial literature has emerged related to the prevention and management of ECC and caries relapse  [  28  ] .  

   Relationship Between Dental Caries and Diet 

 Sugars are the most important dietary etiological cause of dental caries  [  29–  32  ] . The authors con-
cluded that the relationship between sugar consumption and caries is much weaker in the modern age 
of  fl uoride exposure than it used to be. However, controlling the consumption of sugar remains a 
justi fi able part of caries prevention, if not always the most important aspect. The role of sugar con-
sumption in the development of caries has been established for decades. Based on a large body of 
worldwide epidemiological studies, sugar – particularly sucrose – is considered as one of the most 
important etiological factors for dental caries. It has almost become a universal rule to include the 
control of sugar consumption in all caries management and prevention programs and guidelines across 
nations, age, as well as cultural and socioeconomic groups. However, an exact relationship still 
remains unclear between sugar consumption and dental caries  [  33  ] . 

 The relationships between nutrition and health were approved by the Food and Drug Administration 
(FDA), which gives approval to drugs to be used by humans in America. One of them was the relation 
between sugar alcohols in foods and dental caries  [  34,   35  ] . 

 Sugars given in sticky form between meals have shown to signi fi cantly increase the activity of car-
ies  [  36  ] . Most dietary sugars are easily metabolized into acid by organisms, while some forms of 
dietary sugar can be slowly broken down in the mouth by salivary amylase. These sugars can then be 
metabolized by plaque organisms, such as  Streptococcus mutans,  which facilitate the establishment of 
dental caries  [  37  ] . This might be due to the increasing availability and open sale in school canteens 
and streets of high-sugar-containing snacks such as chips, cheese curls and other air- fi lled “sitsiryas,” 
candies, carbonated/synthetic juice drinks/beverages, and arti fi cially colored water-/sugar-based ice 
candies. These are further explained by the fact that children stay for about 10 h in the school, and 
with their small budgets, they could only afford to buy hard candies or soft drinks for their snacks. 
These factors might have contributed to the high consumption of these foods and the resulting high 
prevalence of dental carries among the students. The level of sugar consumption by children in the 
Yabao et al.  [  38  ]  study (21 kg/year) was higher than that reported for Sri Lanka (18.10), Thailand 
(15.34), Pakistan (16.02), Myanmar (1.44), Nigeria (10.15), and Senegal (14.26), but lower than that 
reported for Japan (23.32), Malaysia (35.10), Singapore (49.56), Saudi Arabia (38.66), Syria (40.18), 
the United States (32.14), the United Kingdom (43.95), Switzerland (44.98), the Netherlands (53.54), 
and Sweden (45.6)  [  39  ] . 

 In a study investigating the relationship between nutrition and dental caries, the importance of 
frequency of sugar intake was emphasized and it was concluded that consumption of sugary foods 
more than four times a day in snacks increased the risk of dental caries  [  29  ] . 

 Numerous studies have identi fi ed the popularity of certain snack foods among children. 
Confectionery, chocolate, and sweets are clearly the favorite choices of most children, and crisps, 
biscuits, and fruit are also commonly preferred  [  40,   41  ] . Since most researchers  [  42  ]  agree that limit-
ing sugar intake is still the most important factor in the prevention of caries, studies identifying the 
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role of snacks on overall sugar consumption are important. The role of soft drinks on dental erosion 
is already well established  [  19  ] . It has been reported that people of lower socioeconomic status have 
worse oral health. In particular, children from lower social groups, families receiving bene fi ts, or from 
ethnic minority groups are more likely to be at risk of severe caries. Studies have shown that socio-
economic status affects dietary intake  [  43,   44  ] ; hence, it is likely that differences in diet, particularly 
sugar intakes, may be a signi fi cant determinant of the variation in caries observed between social 
classes  [  45  ] . Maliderou et al.  [  46  ]  found that there was no signi fi cant difference between boys and 
girls considering the amount of sugar consumption, although girls did consume slightly more on aver-
age (145 ± 32 g/day compared to the boys 134 ± 26 g/day). 

 According to the results of the study implemented by Bozkurt et al.  [  47  ] , periodontal health of 
adolescents in rural areas is better than those in urban areas owing to high consumption rates of 
chocolate, sugar, and sugary foods in urban areas. 

 In socioeconomically developing countries, transition from a traditional lifestyle to a Western life-
style has, among other things, led to an increase in sugar consumption from food and beverages and 
in the form of chocolate and candies  [  48  ] . 

 Female students consumed more sugar than male students through sweet food, sweet snacks, and 
soft drinks. Studies have shown that girls usually have greater preference for sweet foods, whereas 
boys opt for higher fat and salt content fast foods and snacks  [  49  ] . Lian et al.  [  50  ]  found that female 
students have a higher daily consumption of sweet food compared to male students. A similar pattern 
was found for the frequency of taking candy/chocolate/sweets and the consumption of soft drinks. 

 Dental caries is a major dental health problem among schoolchildren. As in other developing coun-
tries, this may be due to an increased availability of re fi ned sugar products without a concurrent rise 
in oral health awareness. Implementation of community-based preventive oral health programs on 
healthy diet and practices of adequate oral hygiene should be promoted in schools through integration 
into the school curriculum and services to combat the growing problem of dental caries among school-
children. The high level of untreated caries in all age groups is a cause for concern. 

 Abdullah et al.  [  51  ]  found that 45.6% of the subjects disliked chocolates, whereas 34% of respon-
dents desired to taste chocolates only sometimes. 

 The World Health Organization’s recommendation for sugar consumption designates 27.40–30 g 
of sugar/day or 10 kg of sugar  [  38  ] . Yabao et al.  [  38  ]  found that students’ sugar intake was twice the 
WHO recommendation, with a mean daily total intake of 59 g per person. Most common sources of 
dietary sugar were hard candies (89%) and chocolate (78.4%). 

 In the study of Şanlıer and Özgen  [  52  ] , it was reported that nearly half of the students (46.7%) 
consumed a considerable amount of chocolate, coke, sugary gum, and so forth. In the study of Özgen 
 [  53  ] , consumption of sugary foods and carbonated beverages was found to be quite high in students 
attending college and university. 

    The National Diet and Nutrition Survey  [  54  ]  reported that for young people aged 4–18 years, the 
intake of non-milk intrinsic sugar was 85 ± 38.7 and 69 ± 29.0 g/day in boys and girls, respectively. 
Other studies  [  45  ]  failed to demonstrate clear social class differences in terms of the consumption of 
sugar-containing foods. However, Inchley et al.  [  55  ]  investigated dietary trends among Scottish 
schoolchildren and concluded that the consumption of high-sugar foods was higher in children from 
lower socioeconomic groups. 

 In the case of dental caries, there is a consensus about the relationship between the frequency of 
intake of non-milk extrinsic sugars and incidence of tooth decay  [  56,   57  ] . Evidence suggests that com-
mercialized sugar products have become easily available and are highly preferred and frequently 
consumed, particularly among the higher socioeconomic status groups and urban residents  [  58  ] . 
Eating habits during childhood tend to persist into adulthood  [  59,   60  ] . The policy of promoting 
restricted sugar consumption requires information about the patterns of sugared snack intake at an 
early age and its effective factors. Dietary studies on children have additional problems because they 
must address children’s cognitive ability to record and remember intake as well as their limited knowl-
edge of food and food preparation  [  61  ] . 
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 Children are a group urgently requiring diet-related dental health promotion and intervention since 
food habits derived in childhood often remain into adulthood  [  62  ] . 

 Television advertising is, however, only one way in which manufacturers are able to in fl uence 
children’s behavior in terms of dietary habits and preferences. Children are now being targeted using 
“viral marketing” and “underground communication.” 

 Pacey et al.  [  63  ]  found that 93.2% consumed chocolate or candy, and mean intake frequency was 
1.1 times per day. When asked what their child’s preferred brand of breakfast cereal was, 72.6% 
reported a high-sugar brand. 

 Freeman et al.  [  64  ]  found that 27% of the entire population of adolescents stated that they consume 
chocolate and confectionery several times a day. On the other hand, 25% stated that they drink carbon-
ated drinks with sugar, and a slightly lower proportion of adolescents admitted to consuming cakes, 
hot drinks with sugar, and fruit squashes several times a day.  

   Formation of Dental Caries 

 In the formation of dental caries, there is a dynamic balance between pathological and protecting fac-
tors. It was determined that organic acids resulting from the anaerobic metabolism of carbohydrates 
that could be fermented, taken in diet, and considered among important pathological factors within 
the context of this balance could pose a local risk factor for dental caries by demineralizing enamel 
and dentine  [  65,   66  ] . 

 Dental caries is initiated via the demineralization of tooth hard tissue by organic acids resulting 
from the fermentation of dietary sugar by dental plaque odontopathogenic bacteria  [  67  ] . In the recent 
Australian oral health survey, 61% of 12-year-olds showed signs of caries with a mean decayed, miss-
ing, and  fi lled tooth index (DMFT) of 1.8  [  68  ] . 

 Kara et al.  [  69  ]  carried out a study on students of dentistry faculty and reported that sugary and 
chocolate foods are the most demanded nutrition (76.6%) in snacks. This situation poses a risk for the 
formation of dental caries. 

 The previous studies reported that people prefer sugar-rich foods when they skip meals, and this 
situation was determined to increase the formation of dental caries  [  70–  72  ] . 

 Properties of foods consumed in the daily diet and individual characteristics like daily consump-
tion frequency, consumption type, and sugar-clearing speed of mouth are considered factors that affect 
the incidence rate of caries  [  73  ] . 

 In the studies performed on humans and animals, physical form of sugar, consumption frequency, 
consumption amount, and stickiness of sugar were found to be related to dental caries, while carioge-
nicity of sugary food was reported to cause excessive acid formation due to the prolonged duration in 
mouth and decreased plate pH  [  19  ] . 

 Öncel et al.  [  26  ]  stated that sugar, chocolate, sweet, hot/cold foods, acid foods, fruits/vegetables, 
and meat could be harmful to dental health of children  [  26  ] . Efe et al.  [  74  ]  found that more than 60% 
of the children spent their allowance on chocolate, chips, cola, candy, and other acidic drinks.  

   Prevention of Dental Caries 

 Oral health is fundamental and an essential part of general health and well-being  [  75  ] . World Health 
Organization and Food and Agriculture Organization of the United Nations emphasize the importance 
of reducing the consumption frequency and amount of carbohydrates that could be easily fermented 
for the prevention of dental caries, which are considered among the chronic degenerative diseases that 
could be prevented by improving an individual’s lifestyle  [  76  ] . 
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 The overall health, education, and development of children, families, and communities could be 
enhanced through oral health  [  77  ] . Treating the tooth with  fl uoride, decreasing the carbohydrate 
source of bacteria, reducing the levels of cariogenic bacteria, and lessening the ability of bacteria to 
produce acid are among the preventive approaches that can remineralize the initial carious lesion. It is 
necessary to reduce sugar intake in snacks and maintain good oral health for the prevention of dental 
caries  [  78,   79  ] . The most important habit of mouth hygiene is to brush teeth with  fl uoride-containing 
toothpaste twice a day  [  78,   79  ] . 

 A number of studies have demonstrated that individuals with high levels of education and income 
are more likely to engage in preventive oral hygiene behaviors and have better eating habits  [  80,   81  ] . 
Compared to males, females are generally less likely to pay more attention to their diet and engage in 
more preventive oral health behavior  [  82  ] . 

 Evidence showed that strong knowledge of oral health demonstrates better oral care practice  [  83  ] . 
Similarly, people with a more positive attitude toward oral health are in fl uenced by greater knowledge 
in taking care of their teeth. Studies showed that appropriate oral health education can help to cultivate 
healthy oral health practices  [  84  ] . Transition to healthy attitude and practice can be triggered by ade-
quate information, motivation, and practice of the measures to the subjects  [  83  ] . 

 A high-carbohydrate sweet diet has clearly been implicated in the etiology and epidemiology of 
dental caries  [  85  ] . When efforts are invested in oral health education, it is a rule of thumb that empha-
sis should include dietary and oral hygiene improvement  [  85,   86  ] . Livny et al.  [  87  ]  found that before 
the program, 37.7% of all the children reported bringing sandwiches with sweetened spreads (choco-
late spread, jelly, etc.). This level decreased to 33.2% after the program (not statistically signi fi cant). 
A signi fi cant decrease in sweet sandwiches was found separately for boys, from 46.8% to 29.6% 
( p  = 0.003). Most children in this study (88.7%) reported that their parents were the major source of 
oral hygiene guidance. Programs should, therefore, include the involvement of parents who are inte-
grally related to children’s health behavior. Only few children reported having been taught by dentists, 
and none by dental hygienists or other health personnel  [  87  ] .  

   Maintaining Oral and Dental Health 

 In addition to controlling sugar consumption, a number of other actions have been taken to control the 
disease. The proper use of systemic and topical  fl uoride, perhaps, is one of the most cost-effective 
approaches and has resulted in major reductions in dental caries. The Centers for Disease Control and 
Prevention has named  fl uoridation of water as one of the ten most important public health measures 
of the twentieth century  [  88  ] . 

 The schools may serve as the best platform for promoting oral health care among teenagers. The 
oral health education programs should be intensi fi ed to promote oral health care as a lifelong practice. 
The incorporation of oral health education activities into the school’s curriculum has already taken 
place, but more efforts are needed in the form of educational materials and health promotion activi-
ties. Undoubtedly, the support from the parents and teachers in various ways – both organization and 
participation – is essential. The school health policies are already in place with the introduction of 
healthy eating behavior that bans sugar foods and drinks in the school premises. However, the imple-
mentation still needs to be strengthened. Healthy foods must be made available in the school canteens, 
while the canteens should be prohibited from selling food and drinks that contain high sugar levels. 
Although parents play a role of in fl uence on the eating behavior of their children, a more effective idea 
would be to allow children to make healthy food choices. At this age, these students, as compared to 
primary school children, are more likely to purchase food on their own  [  50  ] . 

 There is no standard form in studies related to oral health. Problems occur in the comparison of the 
obtained results  [  89  ] .  
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   Importance of Education 

 In order to organize such health education programs, the assessment of knowledge, attitude, and 
 practice is essential  [  90  ] . 

 Ehizele et al.  [  91  ]  showed that a great percentage of teachers know that dental caries and gingival 
bleeding are not normal, but only a few of them know about the etiological factors. The national 
school curriculum sets out a clear and statutory entitlement of learning for all pupils from all levels of 
schooling. Oral health education is part of the primary school curriculum in many countries of the 
world  [  92,   93  ] . The high level of involvement of teachers in oral health education re fl ected by this 
study is commendable and should be encouraged as contextualized oral health educational activities 
in the schools, which is said to have positive effects on oral hygiene, gingival bleeding score, oral 
health behavior, and information level about oral health  [  94  ] . 

 Güngör et al.  [  95  ]  reported in their study that teeth-brushing habit increases in parallel with the 
education level; therefore, these individuals have better oral health.  

   Roles of Parents in Maintaining Oral and Dental Health 

 Family and friends seems to play a minor role in advising a dental visit. Barker and Horton  [  96  ]  car-
ried out a study on preschool children in California and showed that parents played a major role in 
in fl uencing their children’s oral health and access to care. 

 The previous studies determined a signi fi cant relation between the education level of parents and 
the dental health of children. Children of parents with a high education level have higher knowledge 
about dental health  [  26,   97  ] . Families with good economic status can take their children to the dentist 
at any time; in addition, they can easily afford toothbrushes and toothpaste. 

 Blay et al.  [  98  ]  found that females reported daily higher consumption of soda, sugared coffee/tea, 
and chocolate/sweets than males, both in urban and rural areas. There was no statistically signi fi cant 
difference in the consumption of soda, sugared coffee/tea, cakes/biscuits, chocolate/sweets, and tooth 
brushing among urban respondents with less highly educated and more highly educated mothers. 
Among the rural residents, people with a highly educated father and mother were signi fi cantly more 
likely to take soda, cakes/biscuits, and chocolate/sweets daily as compared to their counterparts with 
less educated parents. Blay et al.  [  98  ]  suggested that having a highly educated father and mother gen-
erally is the most important in fl uence on adolescents’ sugar and oral hygiene habits in Ghana.  

   Nutrition Education and Counseling 

 Nutrition education for the purpose of reducing caries incidence in children is aimed at informing 
parents about the importance of reducing dietary exposures to sweet foods and hidden sugars. 
Education is necessary, but not suf fi cient, to change eating behaviors. Diet counseling aims to help 
parents change their and their children’s dietary behaviors so that they could choose diets with low or 
noncariogenic snacks, limit sweet foods to mealtimes, and perform tooth brushing after sugar expo-
sures. Dietary recommendations must be realistic and always based on current dietary behaviors of 
the family. It is pointless to prescribe changes that a patient cannot or will not implement  [  99  ] . 

 Peker and Alkurt  [  100  ]  found that oral and dental health behaviors and attitudes and also their 
knowledge about oral and dental health care of dental students improved with increasing level of 
education, while oral and dental health care of female students were better than males.  



512 E. Efe and S. Öncel

   Recommendations 

 The World Health Organization cited the following items in its twenty- fi rst century dental health 
 targets: (1) 80% of children aged 6 years will have no dental caries until 2010, and DMFT will be 
maximum 1.5 in children aged 12 years, and (2) health-protecting and health-improving programs 
will be established in at least 50% of nursery schools and 95% of all schools  [  101  ] . 

 The WHO Oral Health Report 2003  [  102  ]  noted that the prevalence and incidence of dental caries 
can be controlled by the joint action of communities, professionals, and individuals. In many develop-
ing countries, however, access to oral health services is very limited, while in developed countries, 
signi fi cant portions of the population are underserved. For these reasons, professionally applied 
 fl uorides were not considered to be relevant to this review. Rather, this review focused on public 
health approaches, including the following:

   Water  fl uoridation  • 
  Salt  fl uoridation  • 
  Milk  fl uoridation  • 
  Development of affordable  fl uoride toothpastes    • 

 The advantages of topical  fl uoride in a variety of forms have been  fi rmly established  [  103  ] . In 
2001, the Centers for Disease Control and Prevention advised that it was bene fi cial for patients of all 
ages to drink water with optimal  fl uoride concentration and brush with  fl uoridated toothpaste twice a 
day  [  104  ] .      
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    Acne Vulgaris 

 Acne vulgaris is a common dermatological condition in the United States  [  1  ]  that affects over 
17  million Americans of all ages  [  1,   2  ] . Its overall prevalence varies between 35% and 90% in adoles-
cents. This percentage is higher in the West  [  3,   4  ] . Its development and prevalence are higher among 
males, owing to androgenic in fl uence  [  3,   5,   6  ] . Severe acne is associated with low self-esteem, 
 distorted self-image, social withdrawal, and depression  [  2,   7  ] . 

 This chronic dermatosis attacks the pilosebaceous follicle and presents a multifactorial etiopathog-
eny, including sebaceous hyperproduction, follicular hyperkeratinization, increase of  Propionibacterium 
acnes  colonization, and periglandular dermal in fl ammation  [  3,   4,   8–  10  ] . Other factors have also been 
indicated as contributors to acne prevalence and intensity, such as physiological factors (menstrual cycle, 
pregnancy, anxiety, and depression) and external factors (humidity and high temperatures, lack or excess 
of skin cleaning, use of certain cosmetics, smoking, and diet)  [  8  ] . 

    Chapter 39   
 Acne and Chocolate: Is There Any Evidence 
of Their Association?       

      Adilson   Costa        and    Maria   Carolina   Fidelis           

 Key Points 

    Acne is a common dermatosis and affects millions of people around the world.  • 
  For several years, acne has been associated with some types of foods. Popular wisdom claims that • 
chocolate is the most important food that causes acne.  
  Recent observational studies have shown a possible relation between a Westernized dietary pattern • 
(based on a high glycemic index that can promote a hyperinsulinemia scenario) and acne 
establishment.  
  Modern nutritional studies have supported the idea that chocolate has biologically active • 
 compounds that can affect acne.    
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 Hormones may increase sebum production and cause the hyperproliferation of follicular cells, with 
the consequent obstruction of the follicular opening and formation of a comedo  [  1,   2  ] . The full 
obstruction of the follicular opening causes closed comedones (“whiteheads”), whereas the partial 
obstruction causes open comedones (“blackheads”)  [  1,   2  ] . 

 Acne may appear as nonin fl ammatory comedones, super fi cial in fl ammatory lesions (papules and 
pustules), and deep in fl ammatory lesions (nodules and cysts)  [  1,   2,   8  ] . In fl ammatory lesions are mostly 
associated with the colonization of the pilosebaceous follicle by  Propionibacterium acnes , which 
causes the follicular rupture and a neutrophilic cascade  [  1  ] . Acne rarely presents as a result of nonbac-
terial causes  [  1  ] .  

   Chocolate 

 Chocolate derives from seeds of a tropical plant, the  Theobroma cacao   [  11  ] . A thick paste known as 
chocolate liquor is produced through the processing of these seeds and serves as base for all chocolate 
products  [  11  ] . Chocolate liquor has over 50% of lipids in its content. Lipids, known as cocoa butter, 
may be separated from the liquor through pressure and used commercially  [  11  ] . Cocoa is rich in poly-
phenols, which act as antioxidants  [  12,   13  ] ; however, a part of its high antioxidant capacity is lost in 
the manufacturing of chocolate  [  12  ] . 

   Chocolate Liquor Composition 

 The chemical compounds of chocolate liquor are basically lipids, theobromine, caffeine, and 
tannins. 

   Lipids 

 Contrary to other natural fats, cocoa butter is almost entirely composed of triglycerides of only three 
fatty acids: palmitic, stearic, and oleic acids  [  11  ] .  

   Theobromine and Caffeine 

 Xanthine alkaloids are known for their pharmacologic properties and used as stimulants and diuretics. 
Their precise action mechanism is obscure. It is, however, acknowledged that small dosages may 
increase sugar in the blood as well as basal metabolic rates. Chocolate is the only food product in 
which xanthine alkaloids are found together with a large quantity of lipids  [  11  ] .  

   Tannins 

 Chocolate liquor contains two tannins in particular, the purple and brown cacao, which give it the 
common color of chocolate  [  11  ] .   
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   Composition of Processed Chocolate 

 The industrial processing of chocolate basically depends on the mixture of sugar (sucrose) with choc-
olate liquor and extra-virgin cocoa butter. Milk solids, small quantities of lecithin, and secondary 
 fl avoring agents may be added. In dark chocolate, 33% of the lipid content derives from cocoa butter, 
while lipids of milk chocolate, also of approximately 33%, are produced through 27% of cocoa butter 
and 6% of milk fat. Chocolate contains about 50% of sugar, which makes it a distinct product that 
combines a large amount of sugar with a high level of lipids  [  11  ] .   

   Diet and Acne 

   Food Perception and Acne 

 Many recent studies have evaluated the knowledge, beliefs, and perceptions involving the causes of 
acne in patients suffering from it. No great differences have been noticed in the beliefs and percep-
tions of the acne pathogenesis in patients of different societies and cultures, but the role of the diet has 
been uniformly reported in these populations  [  10  ] . 

 In a study conducted in Australia, evaluators questioned last-year medical students about their 
perceptions on acne. Almost one-half of them believed that the diet was an etiological factor; as 
expected, chocolate was at the top of the list of foods that would cause it  [  14  ] . 

 This epidemiological example leads us to re fl ect on the reason why certain works, for many 
decades, have tried to con fi rm an ancient theory, surrounded by many myths and folktales: the asso-
ciation of acne and diet  [  3,   15–  17  ] .  

   Westernized Dietary Patterns and Acne Development 

 A great difference is observed in the prevalence of acne between non-Western and totally modernized 
societies. In this scenario, dietary patterns were suspected to be the reason  [  10,   18  ] . 

 Studies conducted with the Inuit Eskimo population have demonstrated that acne was absent in 
such population until the introduction of Westernized food habits  [  10  ] . In the same manner, studies 
involving the natives of Kitava Island, the Ache Indians of Paraguay, and communities of Papua New 
Guinea attribute the absence of acne in these populations to their diet  [  3,   10  ] . 

 Other studies carried out with populations from rural villages, such as those in Kenya, Zambia, and 
Bantu, in South Africa, have concluded that these people have signi fi cantly less acne than their 
descendants who migrated to the United States and United Kingdom  [  3,   19–  21  ]  – descendants who, 
in other words, are now exposed to Westernized diets. 

 Based on these epidemiological  fi ndings, we may postulate that, contrary to the traditional food 
habits of these populations, Westernized diets, which present a high glycemic index, exposed these 
populations to hyperinsulinemia and therefore, in fl uenced follicular epithelium growth, keratiniza-
tion, and sebaceous secretion, leading predisposed individuals to develop acne.  



520 A. Costa and M.C. Fidelis

   The Role of Hyperinsulinemia 

 One of the characteristics of Westernized diets is the chronic adoption of high glycemic index foods. 
This situation leads to hyperglycemia and hyperinsulinemia  [  22  ]  and may cause a series of hormonal 
alterations, in addition to increasing the ratio between growth-factor insulin-simile 1 (IGF-1) and 
insulin-like growth factor-binding protein-3 (IGFBP-3). Consequently, we have an increase of the 
synthesis of ovarian and testicular androgens, together with a decrease in the production of sex hor-
mone-binding globulins (SHBG), which may result in polycystic ovary syndrome (PCOS), acne, and 
cancer of the epithelial cells, among other diseases  [  22  ] . 

 Authors of a randomized clinical study evaluated the effect of low glycemic index diets on the risk 
of acne and insulin sensitivity  [  2  ] . Individuals who followed a low glycemic index diet presented an 
improvement in the average number of acne lesions, when compared to those of the control group  [  2  ] . 
In addition, individuals of the group of the diet under study presented a decrease in their average 
weight as well as an increase of insulin sensitivity and SHBG levels. With the increase of SHBG lev-
els, a decrease of free circulating androgens in the same proportion is expected. Therefore, an increase 
of SHBG levels enables a direct decrease in lesion counting  [  2  ] . 

 In this situation, a possible hyperinsulinemia state, associated with the secondary presence of IGF-
1, would stimulate the synthesis of androgens, which stimulates sebum production  [  3,   17,   23  ] , and also 
in fl uence follicular epithelial growth and keratinization, thus contributing to the acne pathogenesis 
 [  3,   24  ] .   

   Milk and Acne 

 Can milk cause acne? A study in 1949 monitored 1,925 patients through daily diet journals and found 
out that milk was the food most commonly involved in the development of acne lesions  [  10  ] . 

 In more recent reports that also support the association between the ingestion of milk and acne, we 
 fi nd the retrospective evaluation of data from an emblematic study that presents a positive association 
between severe acne in adolescents and the ingestion of whole and skim milk  [  1–  4,   10  ] . 

 In the same manner, another prospective study for cutoff points in adolescents con fi rmed the rela-
tionship between milk ingestion and acne, being the association stronger between skim milk and the 
development of lesions in boys  [  2–  4  ] , a fact that points to the protein fraction of milk in the develop-
ment of the lesions  [  1–  4  ] . This demonstrates that the association does not result from the fat content 
of milk and, therefore, reinforces the IGF-1 level theory  [  3  ] . 

 Milk, yogurt, and some cheeses containing lactose, despite having a low glycemic load, obtain a 
very high insulin response  [  22,   25  ] , which induces an increase of IGF-1 levels and facilitates the 
development and/or aggravation of acne, which is particularly higher in individuals who ingest skim 
milk  [  3,   26,   27  ] . This is because IGF-1 stimulates the synthesis of ovarian, testicular, and adrenal 
androgens, which act on the pilosebaceous follicles and stimulate the production of sebum  [  10  ] . In 
addition, milk contains progesterone and dihydrotestosterone precursors, which are also implicated in 
the comedogenesis  [  3,   28,   29  ] . 

 Another case that explains the association between acne and milk is the iodine content of milk  [  3, 
  10  ] . It results from the diet supplementation offered to animals and from the use of iodine-based solu-
tions in dairy and milking equipment  [  3  ] . What helps to reinforce this relation is the result of a study 
conducted with 1,066 adolescents who were evaluated through questionnaires aimed at determining 
whether the levels of iodine contained in water or salt may affect the prevalence or seriousness of acne 
 [  3  ] . Patients that lived in the region with habits of higher consumption of salt presented more preva-
lence to severe acne  [  3,   29  ] . 
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 Therefore, does milk cause acne? We may conclude, based on the presented evidence, that there is 
a strong relation between acne and milk ingestion  [  10  ] .  

   Chocolate and Acne 

 Chocolate has especially been blamed as an aggravating factor of acne. Patients often report the devel-
opment of pustules a few days after the ingestion of this food  [  3  ] . After all, what is the role of choco-
late in the development of acne? 

 In the double-blind study conducted by Fulton et al., 65 individuals ingested a chocolate bar (112 g) 
that was rich in chocolate liquor and cocoa butter, daily for 4 weeks. After this period, the regimen 
was changed and patients ingested a control bar, with the same weight, without chocolate liquor and 
cocoa butter, for 4 more weeks. Lesions were classi fi ed in three categories: aggravated, improved, and 
unaltered. Since there was no signi fi cant difference between the ingestion of chocolate and control 
bars in the three categories, the authors concluded that the ingestion of a great amount of chocolate 
does not interfere in the course of acne vulgaris or in sebum composition  [  3,   15  ] . 

 The conclusion of the Fulton et al. study buried for decades the ultimate association between choc-
olate ingestion and acne. However, reports from patients in dermatology clinics always pointed to an 
opposite evidence, and this has intrigued many scholars. Science remained bothered. 

 Years later, however, the control bar employed in the Fulton et al. study was evaluated. It was a bar 
designed to imitate the classic chocolate, which did not contain cacao. Nevertheless, such bar con-
tained 28% of lipids, such as hydrogenated vegetable fat, and 53% of sucrose; the chocolate bar that 
was adopted for the study contained 34% of lipids, such as cocoa butter, and 44.3% of sucrose  [  3,   11, 
  17  ] . Therefore, from a quantitative standpoint, there was no actual difference between the two bars 
with respect to lipid and sugar contents. Thus, the two bars predisposed to hyperglycemia and hyper-
insulinemia, factors involved in the development of acne. Perhaps, due to this fact, Fulton et al. did 
not  fi nd differences in the course of acne vulgaris among the patients who ingested a chocolate bar 
and those who ingested the control bar  [  3,   11,   17  ] . 

 Many of those who supported the Fulton et al. theory, even in light of contrary evidence presented 
years later, did so because of a study conducted 4 years before by Grant and Anderson, a study in 
which methodological  fl aws were evident. In this study, eight patients (only eight patients!) were 
selected, among whom three af fi rmed that the ingestion of chocolate aggravated their acne condition. 
Such patients ingested a great amount of chocolate for 7 days and at the end of the study, no alteration 
in the number or severity of lesions was observed  [  30  ] . However, pre- and post-experimental lesions 
were not considered in this study, and there was no control group or statistical analysis, in addition to 
having reduced sampling. 

 Decades passed until new research in health science started to be ruled by robust methodological 
criteria. The new criteria justi fi ed new studies on this possible association. 

 Therefore, an Australian study was carried out to test the postprandial insulin of food with choco-
late. This study compared the plasmatic pro fi le of healthy patients after the ingestion of food with and 
without chocolate. Despite the absence of signi fi cant variation in the glycemic index of patients in 
each group, the insulin index was on average 28% higher in products with chocolate. The greater dif-
ference occurred in the category of aromatized milk; the chocolate- fl avored version caused an insu-
linemia 45% higher than the strawberry- fl avored one  [  31  ] . 

 An explanation for the  fi ndings of the Australian group may be that chocolate is rich in biologically 
active compounds, such as caffeine, theobromine, serotonin, phenylethylamine, triglycerides, and 
cannabinoid-like fatty acids, which increase secretion of and peripheral resistance to insulin  [  32  ] . 
Moreover, the amino acids present in chocolate (such as arginine, leucine, and phenylalanine) are 
extremely insulinotropic when ingested with carbohydrates; other amino acids (valine, lysine, and 
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isoleucine), found in other types of food, especially those rich in lactose, can also cause this plasmatic 
behavior  [  3  ] . 

 Based on recent  fi ndings, new light has been shed on the research of the relation between acne and 
the ingestion of chocolate. Nowadays, supported by reports published in this literature, we may indeed 
venture to say that the lines of this research have a reason to exist, once the ingestion of chocolate-
based food seem to somewhat in fl uence the development of clinical cases of acne vulgaris. 

 New  fi ndings may be added to this historical binominal. A group of Norwegian specialists recently 
carried out an epidemiological study with 3,775 adolescents from Oslo, ages 18 and 19, and discov-
ered a strong relation between acne and the ingestion of chocolate among male adolescents  [  33  ] . 

 As previously seen, industrial chocolate bars contain about 50% of sugars and most of them contain 
milk derivatives in their composition. Both pro fi les, alone or associated, lead to an increase of glyce-
mic index with frequent increase of insulinemia, therefore triggering an increase of IGF-1 and of the 
ratio between IGF-1 and IGFBP-3, a decrease of SHBG production, and an increase of androgens – all 
factors implicated in this comedogenesis  [  1–  4,   10,   17,   22,   23,   25–  27,   29  ] .  

   Summary 

 For ages, the old folktale says, “The ingestion of chocolate causes acne.” Doctors always ask them-
selves, “Does it really?” 

 For a long time, the modern community of specialists has avoided the evolution of scienti fi c evi-
dence in this practical  fi eld of medicine. Based on premature conclusions from studies with weak 
methodology and on the voice of skeptical opinion formers who were not tendentious to promote the 
development of researches that would provide clarifying answers, whether positive or negative, to 
support this proposition, “Is there any relationship between acne and chocolate?”    

 Modern  fi ndings with respect to the etiopathogeny of acne vulgaris show us that hyperinsulinemia 
is a crucial element for the development and/or aggravation of this dermatosis. The clinical evolution 
of this disease was stimulated by food. In this context, chocolate took its role. 

 Obviously, it is still premature to precisely af fi rm and con fi rm the relation between acne and choc-
olate. The most recent  fi ndings pull us closer to a favorable conclusion to this relation, but more stud-
ies are mandatory. We must carry out well-designed, placebo-controlled studies, with closed 
populations, with or without acne vulgaris, to reach a de fi nitive explanation. 

 Specialists in health science, however, must be prepared for the  fi nal conclusions, whatever they 
may be, with respect to the binomial acne-chocolate. The worst of all sciences is the science that dis-
regards the facts that are revealed. To this date, we have been induced not to render any response to 
this relation.      
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    Chapter 40   
 Cocoa and Chocolate in Humans: The Rationale 
for Clinical Studies on Healthy Volunteers       

      Ario   Conti             ,    Maria   Teresa   Pinorini-Godly ,             and    Maria   Laura   Colombo                

 Key Points 

    To help to maintain a good psychoneuroimmunological balance between large and small • 
components, it might be possible to contribute with natural products.  
  It is necessary to be aware of the big difference in action between a synthetic product represented • 
by one molecule and naturally derived products represented by a hundred molecules.  
  Cacao and chocolate products have generated signi fi cant interest owing to their association with • 
various protective and therapeutic activities, and at least 45 human studies have been performed.  
  Studies showing opposite effects among different cacao  fl avonoids suggested that other com-• 
pounds might contribute to cacao’s immune effects.  
  This study on immunological properties of cacao and chocolate represents the  fi rst 28-day long • 
clinical study on healthy young volunteers.  
  It is a fact that dark chocolate helps lower systolic blood pressure.  • 
  White chocolate, in normal human healthy volunteers, increases interleukin 10 production by acti-• 
vated peripheral blood mononuclear cells, plasmatic serotonin, and dopamine.  
  Cacao and chocolate are good candidates for modulating neuroimmune interactions and help in • 
preventing immune-based degenerative diseases.  
  To better understand the effects of natural products, cocoa, and chocolate, both dark and white, we • 
should invest much more in clinical research.    
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    Introduction 

 The research work on immunomodulating drugs is a relatively new  fi eld in pharmacology, which was 
developed only in the last 20 years. It will provide both theoretical signi fi cance and therapeutic values 
in many diseases, including cancer, viral infections, autoimmune diseases, organ transplantation, and 
aging, caused by de fi ciency or imbalance of the immune function of patients. On the other hand, the 
old concept of psychoneuroimmunomodulation has been rediscovered and modernized by scientists 
and integrated in many  fi elds of medical sciences  [  1  ] . In fact, we have all experienced a sense of 
impending illness prior to its actual onset. Indeed, a lot of us have felt that either before or during 
sickness, our emotions may have in fl uenced the course of the disease. Such anecdotes have existed 
since ancient times and, in the last decade, have been the initial foundation for a new and rapidly 
developing area of medical research. Basic to these sensations, as well as the new  fi eld of neuroendo-
crine and immune interactions, is the realization that our brain and endocrine system can in fl uence our 
immunity and that the immune system serves as a sensory organ that ultimately signals the brain. 
During the last decades, conceptual shifts in biological sciences have provided new evidence to sup-
port intuitive beliefs regarding the connection between the mind–body unit, external and/or internal 
stimuli such as viruses and bacteria, and primordial environmental stimuli such as light–dark cycle, 
moon cycle, tides, magnetic forces, and humidity. Moreover, many new factors such as climate 
changes; air pollution; the rise in world population, particularly in developing countries; the rise of 
poverty in developed countries; and their social and environmental effects are becoming increasingly 
sophisticated. Consequently, the role of human management of the ecosystem has been reconsidered 
by each and every one of us, scientists, politicians, and the lay public. On the other hand, method-
ological communication was not a major problem during the early days of medicine. Treatment 
modalities were based on a gift from mother nature: plants and extracts thereof. Herbal medicine, 
which must be integrated into this vision, has long been an accepted treatment for various diseases in 
European countries, South/North America, Africa, Australia, and Asia, which includes China, the 
new emergent country. One key to eventually understand and use this complex communication net-
work, which implies external and/or internal human environments and psycho–immune–nervous–
endocrine system for the treatment of human diseases, would seem to be in a complete knowledge of 
the involved cellular and molecular processes. However, to help this network to maintain a good bal-
ance between all small and big components, it might be possible to contribute with natural products. 
Before going on with this approach and therapeutic philosophy, it is necessary to be aware of the big 
difference in action between the synthetic product represented by one molecule and the naturally 
derived products represented by tens of hundred molecules  [  1,   2  ] . The new concept of phytotherapy 
is based on knowledge and experience collected by many world and ethnic populations, including 
those of China, America (mainly South), Africa, and also Europe. In these traditions, herbs used for 
thousands of years are considered as tonics for the improvement of general health. In more recent 
time, animal experiments and clinical trials have shown that quite a few herbs are immunologically 
active, and most of the tonics are excellent immunopotentiating and immunomodulating agents. In 
this chapter, we reviewed some of our results on the clinical effect of a very special plant and fruit, 
that is, cocoa and chocolate, on human healthy volunteers.  

   Cocoa, Chocolate, and Derivatives: Between Ethnobotanic and History 

 In the last decades, the international scienti fi c community has become aware of the therapeutic poten-
tiality of cocoa and/or cocoa derivatives and by-products. A scienti fi c paper review has recently been 
published  [  3  ]  reporting a short history of cocoa and chocolate, their implications for public health, and 
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their importance for the international market. Currently, the characteristics of cocoa seeds, beans, and 
different cultivar groups of cacao beans used to make cocoa and chocolate, as well as chemical con-
tent of cacao and chocolate and/or derivatives, are well known  [  4,   5  ] . 

 Going back in history, chromatographic analyses of residues extracted from pottery vessels 
show that cacao beverages were made before 1,000 B.C., extending the con fi rmed use of cacao in 
Mesoamerica back to at least 500 years earlier. Cocoa came to Europe in the sixteenth century, and 
in 1737, Linnaeus named the cocoa tree Theobroma (food of God)  [  3  ] . In 1590, the Florentine 
Codex suggested a remedy made out of cocoa beans, maize, and the herb  tlacoxochitl  ( Calliandra 
anomala ) to alleviate fever, shortness of breath, and heart conditions. Manuscripts produced in 
Europe and New Spain from the sixteenth to early twentieth century revealed more than 100 
medicinal uses for cocoa and/or chocolate  [  3  ] . Basically, at the beginning, cocoa beverages were 
manufactured as a complex mixture of cocoa and spices diluted with water, milk, beer, or wine and 
sweetened with honey. In Europe, chocolate was sold by a traveling salesman, and the art of mak-
ing chocolate was learned in Italy. There are three main cultivar groups of cacao beans used to 
make cocoa and chocolate: Criollo, the cocoa tree used by the Mayans – highly prized and rare – 
less bitter and more aromatic than other beans, from which only 5–10% of chocolate is made. Latin 
America and Asia are the two continents with highest production. Forastero trees, which include 
several subvarieties, are signi fi cantly hardier than Criollo trees and produce cheaper cocoa beans; 
in fact, they are used for 80% of world chocolate production. The Arriba variety is considered the 
best one. Countries that produce the quality Forastero are Africa, Brazil, and Ecuador. The last 
cultivar is represented by Trinitario, a hybrid of Criollo and Forastero, used in about 10–15% of 
chocolate production  [  3  ]  and produced where the growing conditions are satisfactory. The cocoa 
beverage was a product that everybody enjoyed over the centuries, and it became a popular 
drink. 

 A common worldwide saying is that “Switzerland is the country of clocks and chocolate.” Is that 
true? When it comes to chocolate, the saying is not completely wrong, but it should be seen in the 
right perspective. The pioneers of Swiss chocolate helped to develop and ameliorate the quality of 
chocolate. François Luis Cailler (1796–1852) in Corsier, State of Vaud, built the  fi rst factory with 
speci fi c machinery useful for manufacturing chocolate. Later, Daniel Peter (1836–1919) invented 
milk chocolate, while Rudolph Lindt (1855–1909) invented plain chocolate. Moreover, Henri Nestlè 
(1814–1890) invented a special milk-based product de fi ned as “child’s  fl our.” Nestlè became the  fi rst 
big world entrepreneur. Beginning in the last century (1904), his company started reselling chocolate 
produced by a third party and began its world expansion. 

 The clinical study reported in this chapter was conceived in Olivone, Blenio Valley, Switzerland, 
because at the beginning of the last century (1906), at the same time as Nestlè, a chocolate factory was 
born in Blenio Valley. A special chocolate was produced there until 1968: the  fi erce competition with 
other chocolate  fi rms in Switzerland and abroad ended the life of this Blenio factory, where, since 
2003, the Alpine Institute of Chemistry and Toxicology is still active in research and analytical 
services.  

   Cocoa, Chocolate, and Derivatives: Clinical Studies 

 In 1996, the  fi rst human clinical study with chocolate was run by Kondo et al., who found that 
35 g of defatted cacao decreased LDL oxidation between 2 and 4 h after ingestion. Since 1996, 
cacao and chocolate products have generated signi fi cant interest for the pharmaceutical and nutra-
ceutical industry, owing to their association with various health-protective and therapeutic 
activities, and at least 45 human studies involving the use of cacao in different forms have been 
performed  [  3–  9  ] .  
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   Effect on Biological Systems 

 The  fi rst available scienti fi c data on the relationship between cacao, reactive oxygen species (ROS), 
and cytokine production show that cacao liquor polyphenols inhibit ROS and reduce the expression of 
interleukin 4 (IL-4) mRNA in human lymphocytes  [  10  ] . Excluding some very interesting studies 
 [  9–  15  ] , there is a paucity of information regarding the potential immunoregulatory effects of cacao 
and chocolate on human peripheral blood mononuclear cells (PBMCs) and polymorphonuclear cells 
(PMNs). On the other hand, recent  fi ndings suggest immunomodulatory functions like regulation of 
cytokine production in vivo  [  16–  18  ] . Chronic and acute in fl ammation underlies the molecular basis of 
many pathologies: cacao products with  fl avonoids ( fl avonols, as demonstrated by in vitro and ex vivo 
studies, might represent an interesting dietary support to condition and modulate the in fl ammatory 
pathway). Indeed, proin fl ammatory cytokines  [  11–  14  ] , activation of platelets  [  11  ] , nitric oxide- 
mediated mechanisms, and plasma leukotriene/prostacyclin ratio, a measure of the proin fl ammatory/
anti-in fl ammatory eicosanoid balance, speak in favor of an anti-in fl ammatory role of cacao  [  19  ] . In 
particular, activity of cocoa molecules seems to act on Th1/Th2 balance by increasing IL-4 secretion 
and therefore Th2 response  [  20  ] . Degree of  fl avonoid polymerization might be involved on Th2 cytok-
ines: short-chain cacao procyanidins increase IL-4 and IL-5, while long-chain reduce both of them 
 [  13,   21  ] . The mechanism by which cacao exerts its opposing effects on Th1/Th2 cytokines remains to 
be established  [  22,   23  ] . Other effects, such as cacao macrophage and lymphocyte downregulation 
in vitro, have been reported. In vivo effects of cocoa-rich compounds exert bene fi cial effects on blood 
pressure, insulin resistance, vascular damage, and oxidative stress  [  24  ] . Given their powerful antioxi-
dant activity,  fl avonoids seem to be the perfect candidates for immune regulation; nonetheless, studies 
showing opposite effects among different cacao  fl avonoid fractions suggest that other compounds may 
contribute to cacao’s immune effects. In any case, as the pro fi le of  fl avonoids absorbed in vivo differs 
from the one present in crude cacao extract, the physiological relevance of these data is limited  [  9  ] .  

   28-Day Action and Effects of Black and White Chocolate 
on Neuroimmune Systems of Healthy Human Volunteers 

 This study comprises three phases: the  fi rst phase characterized each chemical characteristic of black 
and white chocolate used in the study, the second phase included the clinical study, and the third was 
focused on results analysis and perspectives on the real potentiality of chocolate treatment of some 
human disturbances and/or diseases (Table  40.1 ).  

 A 28-day treatment with and/or without chocolate has been planned to lay the basis for further 
speci fi c clinical studies. The aim of the project was to understand whether a relatively long-term 
chocolate treatment might have some effects on psychoneuroimmunological parameters in healthy 
adult human volunteers. Since it was not possible to characterize 380 molecules, a chocolate with 
higher polyphenol, theobromine, and epicatechin (dark) or without (white) content was used. All 
obtained results are in accordance with data reported in literature by Tomas-Barberan et al.  [  25  ] . 

 Both dark and white chocolate presented the following characteristics: energetic values (Kcal/100 g: 
550 dark, 561 white) and proteins (g/100: 8 dark, 6 white) are similar between dark and white, while 
a notable difference was noted for carbohydrates (g/100 g: 13 dark, 57 white) and fats (g/100 g: 63 
dark, 34 white). The most relevant difference between dark and white chocolate has been reported for 
total polyphenols (25.03 mgGAE/g), theobromine (9.25 mg/g), and epicatechin (0.930 mg/g) in dark 
chocolate 78% versus not detected values in white chocolate. The 28-day long study design involved 
21 healthy adult men aged between 25 and 30, investigator blinded and a parallel-group trial in accor-
dance with ethical guidelines. Chocolate doses −25 g per patient – were wrapped in aluminum foil and 
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provided in nontransparent bags that transferred no information about the content. After a cacao-free 
run-in period of at least 4 days and an overnight fast of 10 or more hours, participants were allocated 
to receive over 4 weeks 75 g/day of commercially available polyphenol-rich dark chocolate or a 
matching dose per day of white chocolate, containing similar energy. Participants were instructed to 
ingest the total daily amount of chocolate in three doses of 25 g. Each dose was eaten at three different 
moments: at 4.00, 6.00, and 8.00  p.m . According to the second phase of the study, all plasma param-
eters were assessed, while each participant was in the 12-h fasting state between 6 and 10 A.M. 
Peripheral venous blood was taken after the run-in period (T 

0
 ), after 1 (T 

7
 ) and 4 (T 

28
 ) weeks of 

treatment. Adverse events were monitored every week via interview, on T 
7
  and T 

28
  throughout physi-

cal examinations and laboratory testing, while on T 
14

  and T 
21

 , via telephonic interview. All personal 
data, for each participant in the study, were sent to their respective physicians. 

 The aim of this study was to evaluate on venous peripheral blood whether the immune system cell 
subpopulation and derived cytokines are affected upon chocolate intake. More than 40 basic clinical 
parameters, T and B lymphocyte cell markers (different T cell subsets activated or not), neurotrans-
mitters such as serotonin (5-HT), 5-hydroxytryptophan (5-HTOL), 5-hydroxyindoleacetic acid 
(5-HIAA), dopamine (DA), homovanillic acid (HVA), adrenaline (A), and noradrenaline (NA) were 
measured. The functionality in vitro of some peripheral blood cells has been veri fi ed by assessing 
three speci fi c cytokines, that is, interleukin 10 (IL-10), interleukin 8 (IL-8), and tumor necrosis factor 
alpha (TNF- a ). This 28-day clinical study, aimed at assessing the effect of dark and white chocolate 
on healthy human volunteers, has allowed us to corroborate some previously published evidences by 
other authoritative scientists. On the other hand, we have been surprised by some new effects on neu-
roimmune parameters. No adverse events and/or side effects occurred in both groups of treatment, 
dark and white chocolate. Fifty percent of the participants allocated to the chocolate treatment group 
found it hard to eat 75 g of chocolate every day for 4 weeks. Supplementation with dark or white 
chocolate was well tolerated. Baseline data, at time T 

0
 , of both treated groups did not differ, either in 

terms of anthropometric and hemodynamic measures or in terms of systolic and diastolic blood pres-
sure. Finally, 21 participants were randomized. Nineteen completed the study and attended all moni-
toring sessions. None of the data were lost. According to the participants’ self-reports, the weekly 
monitoring of the returned empty bags and the personal interview during each week, all chocolate 
portions were eaten and no other cacao products were consumed. Moreover, all chocolate portions 
were consumed at the requested time with maximum 1 h of difference. Participants showed no 

   Table 40.1    Cocoa and chocolate in humans: the rationale for clinical studies on healthy volunteers   

 Third phase (4 months)  Analysis of results, conclusions, and perspectives of clinical studies with cocoa 
and chocolate in humans 

 Second phase (1 year)  Blinded clinical study 
 T 

28
   Parameter monitoring and physical examination no. 2 by a doctor 

 T 
21

   Telephone interview (at home) 
 T 

14
   Telephone interview (at home) 

 T 
7
   Parameter monitoring and physical examination no.1 by a doctor 

 T 
0
   Parameter monitoring 

 T 
−7

   Screening of participants by doctors, nutritionist, and scientist. De fi nition of study 
groups : 

 Dark chocolate group 
 White chocolate group 

 First phase (1.5 year)  De fi nition and selection of the participants to the study 
 Application and authorization of the ethical committee 
 De fi nition of the plan of clinical and experimental studies 
 Chemical analysis of black and white chocolate 
 De fi nition of the project of search, the sponsor’s search 
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signi fi cant difference to the reported habitual frequency of food intake and physical activity during 
treatment, and from the participants’ food diaries, no important changes in nutritional composition of 
diets from the run-in phase to the end of the intervention were observed. Due to the energy, nutrient, 
and electrolyte contribution of the daily dark or white chocolate doses to the total diet, body weight 
and clinical parameters did not change with clinical relevance during the study. Also, the body mass 
index (calculated as weight in kilograms divided by height in square meters) did not show any 
modi fi cation and remain between 18.5 and 25. Basic clinical parameters monitored along the 28 days 
remained in the normal range. The cyto fl uorimetric analysis to understand any possible changes in 
lymphocyte subset populations as, for example, B lymphocytes, T helper, and T suppressor lympho-
cytes, activated or not, shows no statistical differences between the group treated with dark chocolate 
and the group treated with white chocolate. But the main question at this point was to know whether 
black and/or white chocolate in healthy human volunteers showed any activity on other parameters. 
First of all, dark and white chocolates in fl uence blood pressure (Fig.  40.1 ) where only systolic blood 
pressure decreased in both groups of treatment. Only in the dark chocolate group this result is statisti-
cally signi fi cant and all data con fi rmed which is also reported in other studies  [  26–  28  ] .  

 Other interesting results have been obtained on parameters connected with the immunologic sys-
tem, that is, C-reactive protein (CRP), the  fi rst marker of in fl ammation; IL-10; and TNF- a . C-reactive 
protein concentration, although not statistically signi fi cant, showed a decreasing trend in the dark 
chocolate group, whereas no difference seems to be assessed in the white chocolate one. Interleukin 
10 is a regulator of lymphoid and myeloid cell function produced by B and T cells, activated mast 
cells, macrophages, and keratinocytes. Due to the ability of IL-10 to block cytokine synthesis and 
several accessory cell functions of macrophages, this cytokine is a potent suppressor of the effector 
functions of macrophages, T cells, and natural killer cells. In addition, IL-10 participates in regulating 
proliferation and differentiation of B cells, mast cells, and thymocytes. Moreover, IL-10 was recently 
identi fi ed as the cytokine produced by the T helper subpopulation cells (Th2) that inhibit the synthesis 
of immunostimulatory cytokines by the Th1 cells. IL-10 exhibits inhibitory effects on monocytes 
including downregulation of MHC class II antigen expression and suppression of IL-1 a  (alpha) and 
 b  (beta), IL-6, IL-8, GM-CSF, G-CSF, and TNF- a  production; synergizes with IL-2 and IL-4 to pro-
mote the proliferation of thymocytes; and synergizes with IL-3 and IL-4 to enhance the survival of 
mast cells. IL-10 production can be induced by mitogenic lectins and LPS, while IL-4 and IFN- g  
inhibit this production. The suppressive effects of IL-10 on monocytes and Th1 cytokine synthesis 

  Fig. 40.1    Effect of dark and white chocolate on diastolic and systolic blood pressure. Systolic pressure decreased in 
both groups during treatment, but only in the dark chocolate treatment group was the decrease statistically signi fi cant       
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suggest that IL-10 may have utility as a general suppressor of immune function. The targets for such 
immunosuppressive drugs include infectious disease, transplantation, induction of tolerance, and pos-
sibly cancer. IL-10 is currently in preclinical studies to evaluate its potential in various disease states 
 [  29  ] . No statistically signi fi cant differences in IL-10 concentration in cultured resting and PHA-
activated PBMCs were observed in the dark chocolate group, whereas a statistically signi fi cant 
( p  < 0.01) increase in IL-10 production by PHA-activated PBMCs after 1 and 4 weeks of treatment 
was assessed in the white chocolate group (Fig.  40.2 ).  

 TNF- a  (alpha), produced by monocytes and macrophages throughout mediation by lymphokines 
and endotoxines and secreted upon stimulation by IFN- g  (gamma), is a multipotent modulator of 
immune response  [  8,   28  ] . TNF- a  responds to stimuli such as infectious agents or tissue injury by 
activating neutrophils, altering properties of vascular endothelial cells, regulating metabolic activities 
of other tissues, as well as exhibiting tumoricidal activity by inducing localized blood clotting. 
Activation of B cells by the Epstein–Barr virus can be inhibited by TNF- a   [  30  ] . Moreover, TNF- a  
may play a role in the pathogenesis of many disease states such as in fl ammatory disease of joints and 
other tissues, septicemia and meningococcal disease, parasitic infections, myocarditis, and AIDS. No 
statistically signi fi cant modulation by 28 days after chocolate administration is observed: to be critical, 
a decrease in both groups, dark and white chocolate, on the TNF- a  production of this proin fl ammatory 
cytokine by cultured resting and activated PBMCs has been observed (Fig.  40.3 ).  

 The last group of molecule assessed by this study is connected with indolamines and catecholamines, 
where 5-HT (serotonin) and 5-HIAA increased during treatment in both dark chocolate and white 
chocolate groups. Serotonin increase is statistically signi fi cant on T 

28
  in the WCG, whereas its metab-

olite 5-HIAA increased signi fi cantly in the DCG (Fig.  40.4 ). The amount of catecholamines in the 
extracellular space is a function of the balance between their vesicular release and their reuptake by 
the monoamine transporter system.  

 A signi fi cant increase of dopamine plasmatic concentration has been detected in the white choco-
late group, whereas there has been a very small increase in the dark chocolate group (Fig.  40.5 ).  

  Fig. 40.2    Effect of dark and white chocolate treatment on in vitro production of IL-10 by cultured resting and phyto-
hematoagglutin (PHA) cultured resting and PHA-activated peripheral blood mononuclear cells (PBMCs) collected 
from human venous blood. No signi fi cant differences in IL-10 concentration in cultured resting and PHA-activated 
PBMCs were observed in the dark chocolate treatment group, whereas IL-10 production  increased  in PHA-activated 
PBMCs collected from the white chocolate treatment group after 1 and 4 weeks of treatment ( p  < 0.01)       

 



  Fig. 40.3    Production of TNF- a  by cultured resting and PHA-activated PBMCs. No apparently signi fi cant modulation 
has been reported, although it has been observed a trend to TNF- a  decrease in both dark and white chocolate treatment 
groups       

  Fig. 40.4    Plasmatic concentration of serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA); 5-HT increased in 
both treatment groups after 28 days of treatment; the increase is statistically signi fi cant only in the white chocolate 
group ( p  < 0.01). The metabolite 5-HIAA increased only in the group treated with dark chocolate       
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 The decrease of adrenaline (A) is statistically signi fi cant on T 
28

  versus T 
0
  in the dark chocolate 

group. Noradrenaline (NA) increased on T 
7
  (+51.3% vs. T 

0
 ), returning to baseline values at T 

28
 . On 

the other hand, in the white chocolate increased +2.7% on T 
7
  and decreased −32% on T 

28
  versus base-

line, whereas differences are not statistically signi fi cant. Noradrenaline increase in the white group is 
almost linear, showing +34% on T 

28
 . Also, in this case, differences are not signi fi cant (Fig.  40.6 ).   

   Summary 

 This clinical study is one of the  fi rst reports demonstrating a neuroimmunomodulatory role of choco-
late in healthy human volunteers and, surprisingly, not only does dark chocolate seem to have special 
effects but also the white one. In fact, the latter increases (+29.6% vs. baseline) IL-10 production from 
PHA-activated PBMCs and causes a decrease in monocyte population. This may indicate suppressive 
effects of IL-10 on monocytes. At T 

28
 , both IL-10 and monocytes are increased. It is not easy to 

explain this data. In fact, other active compounds, like biogenic amines present in cacao and choco-
late, may also affect the stimulation capacity of PBMCs. Moreover, this study con fi rms the systolic 
blood pressure-lowering effect of dark chocolate with high concentration of polyphenols in subjects 
with recently diagnosed and untreated stage one mild isolated systolic hypertension and adults with 
untreated upper-range prehypertension or stage one hypertension without concomitant risk factors 
 [  8,   28  ] . On the other hand, these data are controversial and need to be con fi rmed in other models 
 [  31,   32  ] , although, taken together, all this indicates that cacao and dark chocolate may play a role in 
normalizing elevated blood pressure. In people who have normal blood pressure, a dietary supplement 
of chocolate may help to maintain pressure in the normal range. How to explain such interesting 
action of chocolate? The decrease of blood pressure might be related to a decrease of adrenaline pro-
duction, which plays a role in limiting the production of angiotensin II precursor, renin, which in turn 
is responsible for the increase in blood pressure. Moreover, chocolate contains moderate concentra-
tions of potassium (dark chocolate, ca. 263 mg; white chocolate, ca. 287 mg)  [  33  ] . It is extensively 
recognized that reduction of blood pressure correlates with increased intake of potassium, probably 

  Fig. 40.5    Effect of dark and white chocolate treatment on dopamine plasmatic concentration. A signi fi cant increase is 
detected in the white chocolate–treated group ( p  < 0.01), whereas no changes in dopamine concentration have been 
reported in the dark chocolate–treated group       
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because potassium increases the excretion of sodium and for its activity on blood vessels. Nevertheless, 
certain cacao  fl avanol fractions are able to induce synthesis of prostacyclin and relaxation of isolated 
aortic rings with increased nitric oxide synthesis. Finally, the biological activity attributed mainly to 
 fl avonoids seems to be most effective on endothelium and, in turn, on BP decrease. In fact, the decrease 
of BP is observed in the dark chocolate group only. Moreover, the white chocolate group did not take 
polyphenols. Epicatechin, catechin, and dimeric  fl avanols might exhibit a dose-dependent accumula-
tion within the nuclei, and this might also be possible for metabolites. To get any presumably antioxi-
dant effect, the  fi rst dose of  fl avanol-rich cacao is not suf fi cient to reach the maximum effect. The 
response becomes interesting after many boluses have been administered and a new higher plateau 
will be reached: data indicate that 5–7 days are required to reach a new steady state  [  31,   34  ] . In fact, 
Engler et al.  [  31  ]  and Fisher et al.  [  32  ]  were unable to document any blood pressure change in young, 
healthy, normotensive persons after consumption of  fl avonoid-rich dark chocolate. The reason is more 
likely to be linked with the period of treatment (5 days). Results obtained with the present long-period 
study seem to con fi rm this hypothesis. Moreover, the most abundant  fl avonoid compounds may not 

  Fig. 40.6    Change in plasmatic concentration of adrenaline and noradrenaline. The decrease of adrenaline in the dark 
chocolate group is statistically signi fi cant after 28 days of treatment, whereas noradrenaline, in the same group, increased 
signi fi cantly after 7 days of treatment and returned to basal level after 28 days. In the white chocolate group, no differ-
ences have been observed on adrenaline production, while a clear trend to increase has been noted on noradrenaline       
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necessarily lead to the highest concentrations of biologically active metabolites in target tissues nor 
may they be the most biologically active in relation to speci fi c health outcomes  [  35  ] . Moreover, and 
possibly related, a residual vascular response is evident 15 h after the last dose, at a time when phar-
macokinetic studies indicate that the  fl avanols and their known metabolites have largely disappeared 
from the circulation. Thus, one possible mechanistic sequence would involve activation at nitric oxide 
synthase gene level, as a  fi rst step. As a second possibility, the responsible agent may be a metabolite 
of the  fl avanols that gradually accumulates  [  34  ] . However, metabolites of dietary phenolics, which 
appear in the circulatory system in very low concentrations (nmol/L to low mmol/L), might exert 
modulatory effects in cells through actions on components of the intracellular signaling cascades. 
Such events are important for cellular growth, proliferation, and apoptosis. In addition, the intracel-
lular concentrations required to affect cell signaling pathways are considerably lower than those 
required to impact on antioxidant capacity. 

 Our clinical study seems to con fi rm the preliminary in vitro data showing that plasma concentra-
tion of 5-HT (serotonin) and 5-HIAA increased during dark and white chocolate treatments  [  15  ] . 
Interestingly and surprisingly enough, our data seem not to be correlated with the nonfat cacao 
percentage, that is, polyphenols, epicatechin, and theobromine, which are not present in white choco-
late. Chocolate craving was reported to be a form of self-medication in atypical depression, in sea-
sonal affective disorder, as well as an interesting impact on brain neurotransmitters with antidepressant 
bene fi ts  [  36,   37  ] . Accordingly, several psychoactive constituents, including anandamide, caffeine, or 
phenylethylamine, with also neural and immunologic activity, have been identi fi ed in cacao. Moreover, 
at least in the gastrointestinal tract, one can assume the existence of all compounds present in cacao 
at effectual concentrations where they could also increase the availability of tryptophan and produc-
tion of serotonin  [  15  ] . A great proportion of serotonin is synthesized and stored in the gastrointestinal 
tract where it plays a paracrine secretion and motility role. On this basis, ingestion of cacao products 
like polyphenols, which are present in cacao, might play an important role in tryptophan metabolism 
and serotonin availability. Furthermore, antioxidant capacity of cacao products may locally shift the 
redox equilibrium in the gastrointestinal tract, which could be of bene fi t for the intestine and the 
whole organism and might improve quality of life  [  15  ] . An increase in plasmatic serotonin concentra-
tion has been observed in the white chocolate control group. This unexpected increase could be linked 
with an enhanced consumption of carbohydrates and fats, which, in turn, may increase serotonin 
 synthesis and modulate neurochemical imbalance. On the other hand, some component present in 
 chocolate diminished tryptophan degradation, most probably by the inhibition of indoleamine 
2,3-dioxygenase (IDO) activity. Consequently, this fact might increase the production of serotonin 
(5-HT). Serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) increased in both groups but 
reached smaller values of plasmatic concentration in the dark chocolate one. It might be believed that 
some active compound, and/or combination of two or more different molecules present in both dark 
and white chocolate, could be responsible for the observed effects. 

 This clinical study on the effect of chocolate shows that C-reactive protein, a speci fi c marker of 
in fl ammation, remains within the normal range in both groups, thus con fi rming previous data in other 
clinical studies  [  28  ] . On the other hand, a decrease of CRP concentration after 30 days’ intervention 
with  fl avanol-rich cacao containing 321 mg  fl avanols per dose/day on 41 medicated diabetic patients 
was reported  [  38  ] . Popular medicine perceives chocolate and cacao as food cravings that may create 
dependence. Interestingly, within this clinical study, it has been observed that many volunteers, at the 
end of the 28-day protocol, manifested a moderate aversion to chocolate, in particular for the dark 
one. Discussion about craving is a little bit complex because chocolate is a complex of cocoa mole-
cules including sugars and psychoactive molecules  [  39–  41  ] . Because chocolate craving has some 
features of addiction, attempts have been made to identify any psychoactive ingredient. Several can-
didates have been identi fi ed (the biogenic stimulant amines caffeine, theobromine, tyramine, and 
phenylethylamine), but up to now, their concentrations are considered too low to have a signi fi cant 
psychoactive effect, and they are also present in higher concentrations in non-craved foods  [  42  ] . 
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Comparisons of subjects who ingested milk chocolate, dark chocolate, white chocolate, and cacao 
powder (powdered cacao mass with some cacao butter extract) have demonstrated that milk chocolate 
is the favorite one. If psychoactive substances were involved, then cacao powder should equally sat-
isfy the craving and dark chocolate should be the most preferred. Chocolate contains two analogues 
of anandamide that are similar to the cannabinoid responsible for euphoria caused by cannabis  [  43  ] . 
Our project was mainly aimed at evaluating whether intake of chocolate by human volunteers might 
in fl uence some neuroimmunological parameters and represents one of the few studies focused on 
acquiring data on the effects of long-term administration of chocolate on the neuroimmune system of 
healthy volunteers. The clinical study has been conducted on healthy human volunteers living a nor-
mal lifestyle. Our basic results, as well as in the paucity of studies published in the last decade, might 
constitute a suf fi cient rationale for a more complete and multidisciplinary study on selected human 
volunteers suffering from speci fi c pathologies. With this preliminary clinical study, many other rele-
vant conclusions might be formulated and will need to be con fi rmed in a larger multicenter study. No 
changes in body mass index or other adverse effects were detected. In fact, all clinical parameters 
tested during the study protocol remained within the normal range. We could nevertheless observe an 
increase of the total leukocyte and eosinophil subpopulation in the dark chocolate group (DCG). Data 
remained within the normal clinical range, a slight allergic answer to the dark chocolate can conse-
quently be assumed. Possibly, an increased eosinophil population can be hypothesized to be related to 
the Th2 immune response. An increase in monocytes and basophil plasmatic concentration was 
detected in the white control group (WCG). Also, in this case, all values remained within the normal 
range, and this clinical evidence could be associated with an increased consumption of triglycerides 
and fats  [  42  ] . Finally, our study has made us think of two different ways of action of cacao and choco-
late in vivo. The antioxidant effect seems to be linked to the blood pressure-lowering effect and posi-
tively related to the content of particular polyphenols such as the  fl avanols (catechin, epicatechin, and 
polymeric procyanidins). Concentrations of  fl avanol in cacao and cacao-derived products like choco-
late depend on the geographical origin of the beans and their different manufacturing steps, such as 
roasting and fermentation, which can, in turn, decrease the polyphenol content by more than 80%. 

 The presence of these molecules is linked to the nonfat cacao mass. Cacao powder and some dark 
chocolates contain very high concentration of polyphenols, and their effect on the endothelium is now 
recognized. In contrast, white chocolate does not contain this type of antioxidant molecules and, con-
sequently, no decrease in blood pressure was found after white chocolate consumption. White choco-
late contains much more cacao butter, fat, fatty acids, sterols, and sugars than dark chocolate. 
In addition, some lipophilic substances such as tryptophan, serotonin, dopamine, and anandamide 
possibly act synergistically to elicit a human immunomodulating effect in vivo and ex vivo. These 
substances could be present in the fat–cacao fraction, also in dark chocolate but at lower concentration 
than in the white one. This might be the reason why a similar, but less potent, effect on cytokine pro-
duction in both resting and activated PBMCs was observed in the dark chocolate group in the present 
study. Moreover, (beta) b -sitosterol and stigmasterol have been shown to be safe and effective in low-
ering circulating cholesterol levels  [  44  ] . Recent studies have linked the consumption of plant sterols 
and stanol esters with a reduction in risk of cardiovascular disease in those who do not adopt a 
Mediterranean diet  [  45  ] . As largely reported in related literature, the cacao extract used in vitro, 
in vivo, and ex vivo is depleted from the fat component (defatting cacao and chocolate is a crucial step 
in obtaining a  fl avanol extract). As a consequence, lipophilic substances, which are also not easily 
water soluble, are not present in the extract. For this reason, the immunomodulating effect of this 
extract could be related to the presence of very high concentrations of an antioxidant substance that is 
not the same as those present in chocolate. Moreover, the concentration used for cell treatment in vitro 
is dif fi cult, if not impossible, to reach in vivo. 

 A more general conclusion lets us postulate that traditional folk medicine, such as European natu-
ral medicine, traditional Chinese medicine, and American folk medicine, is a great treasure of the 
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people. It offers signi fi cant potential for new drug discovery, and cocoa/chocolate contain a large 
number of molecules. 

 Our Alpine Institute of Chemistry and Toxicology is willing to cooperate with scientists from other 
countries to do joint research. We believe that new drugs that could help in the care of immune-based 
degenerative diseases such as cancer and AIDS (Fig.  40.7 ) and make human longevity related to 
immunomodulators will be developed in the next century and will have great contribution to the 
health of mankind.       

  Fig. 40.7    During the normal life cycle, the psychoneuroimmune balance and activity undergo normal involution. This 
physiologic mechanism could be disturbed as a result of altered hormonal and immunological molecule production 
(cytokines, lymphokines, neurotransmitters, etc.) in physiopathologic situations such as depression, neuropathies, psy-
chiatric diseases, aging, metabolic and/or endocrinologic diseases, and exposure to unnatural photoperiod and electro-
magnetic  fi elds. To summarize, on the one hand, there is an involution; during the life span, the neuroimmune system 
is prone to developing diseases. With the use of certi fi ed natural products (i.e., chocolate), it might be possible to halt 
the decline of the neuroimmune system and prevent certain immune-based and chronic diseases       
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 cotyledon proteins , 108  

                            Index 
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 Cacao beans (cont.) 
 glutelins and prolamins , 108  
 hydrophobic amino acids , 108  
 lipid content 

 composition , 109  
 phospholipids , 110, 111  
 triglycerides , 110  

 oxalic acid , 114  
 phytic acid , 114  
 pods , 106, 107  
 polyphenols , 112, 113  
 purinic alkaloids , 115  
 quinic and caffeic acid , 115  
 seed proteins , 108, 109  
  Theobroma cacao L  , 106   

  Cacao husk 
 LCC 

 antibacterial activity , 254  
 anti-HIV activity , 251–253  
 anti-in fl uenza virus activity , 253  
 biological activities , 248  
 cigarette smoke-induced cytotoxicity , 255, 256  
 cytokine production , 258–259  
 formation , 248  
 LPS contamination effect , 259–260  
 macrophage activation , 256, 257  
 NO radical scavenging activity , 258  
 preparation method , 248, 249  
 synergistic action , 254–255  
 yield , 249–251  

 ligin fractions , 248, 249   
  Caco-2 cellular models , 184–185   
  Caffeine , 390   
  California’s Safe Drinking Water and Toxic 

Enforcement Act , 74   
   Calliandra anomala  , 8   
  Cancer prevention 

 biomarkers , 362  
 dietary assessment , 361–362  
 epidemiologic studies 

 case-control studies , 359–360  
 catechins , 359  
 cocoa products intake estimation , 359  
 cohort studies , 360–361  
  fl avanols intake estimation , 359  
 genistein , 359  
 Kuna Indians and mainland Panama , 359  
 procyanidins intake estimation , 359  

 nutritional databases , 362  
 potential biologic mechanisms 

 anti-in fl ammatory effects , 357–358  
 antioxidative activity , 356–357  
 antiproliferative action , 358  
 gut microbiota , 358–359   

   Candida krusei .    See Pichia kudriavzevii   
  Carboxypeptidase , 94, 96   
  Cardiovascular disease.    See  Coronary heart disease  
  (+)-Catechin , 195, 390, 391  

 metabolism 
 biliary and urinary excretion , 213–214  
 liver and biliary circulation , 215–216  

 methylation , 214–215  
 monomeric polyphenol biotransformation , 213  
 MS and NMR analysis , 216  
 in small intestine and liver , 214  

 in vitro digestion models, cocoa matrices , 181–182   
  Catecholamines , 193   
  CB.    See  Cocoa butter (CB)  
  Check-all-that-apply (CATA) , 169   
  Chemistry and biochemistry of cocoa , 390–392   
  Children 

 chocolate consumption 
 bitter taste , 496–497  
 English and German children , 493  
 exposure , 497  
  fl avor- fl avor learning , 498  
  fl avor masking , 495  
  fl avor-nutrient learning , 497–498  
 national differences , 493  
 pocket money/allowance , 493–494  
 quantity and types , 492  
 sweet taste , 495–496  
 taste and  fl avor preferences , 494, 495  
 US FITS cross-sectional survey , 492  

 dental caries 
 chronic and multifactorial disease , 506  
 and diet , 507–509  
 formation , 509  
 prevalence and severity , 506  
 prevention , 506, 509–510  
 reasons , 506–507  

 dental health 
 early childhood caries , 506  
 maintenance , 510  
 parents role , 511  

  fl avor aversion , 498  
 health education programs , 511  
 nutrition education and counseling , 511  
 oral health , 510, 511  
 parental in fl uences , 499–500  
 persistence of preferences , 498–499  
 public health approaches , 512   

  Chlorogenic acid , 115   
  Chocolate 

 addiction , 423–424  
 medical use 

 bene fi cial effects , 16  
 chocolate rehabilitation , 20  
 de fi ciencies and failures , 19  
 Florence , 17  
  fl uid and body damage , 18  
 food , 13  
 heat substance , 17–18  
 Hippocratic-Galenic approach , 14–15  
 hot/cold properties , 14  
 hypochondriac melancholy , 15  
 life regime , 12  
 liver and kidney disease , 14  
 metaphor , 12  
 milky spirit , 18  
 nourishment and therapeutic substance , 19–20  
  Regimina Sanitatis  , 12–13  
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 restore energy , 15  
 therapeutic purpose , 13–14  
 volatile substances property , 16  

 types , 421, 422  
 withdrawal 

 chocolate preference , 462–463  
 de fi nition , 458  
 drug and food addiction , 458–459  
 evidence , 462  
 neurochemistry , 459–461   

  Chocolate bars 
 aquatic biotechnology , 146  
 edible nanotubes , 144  
 energy density , 143, 144  
 high-protein diet , 146  
 human food production , 144  
 nanocellulose , 144  
 nutrient density , 143, 145  
 vitamin A , 146   

  Chocolate craving , 394–395, 423–424, 535   
  Chocolate thought suppression 

 attitude development , 483  
 food thought suppression inventory , 483  
 low mood and subsequent overconsumption , 480  
 negative consequences , 480  
 negative emotional associations , 480  
 obesity , 480  
 psychiatric diagnosis , 480  
 rebound effect , 481–482  
 restrained eating status , 484, 485  
 self-control , 486   

  Chromosome length polymorphism (CLP) , 49–50   
  Chronic fatigue syndrome (CFS) , 269, 400–403   
  Chronic in fl ammation , 357   
  Chronic stress , 194   
  Cloud point extraction (CPE) , 130   
  CLP.    See  Chromosome length polymorphism  
  Cochrane Program Review Manager version 5.1 , 315   
  Cocoa 

 aroma 
 cocoa beans   ( see  Cocoa beans)  components , 

90–91  
 clinical bene fi ts 

 antioxidant properties , 266–267  
 cancer , 271  
 cardiovascular health , 267–268  
 in fl ammatory response and immune functions , 

270–271  
 nervous system , 268–270  
 oxidative stress prevention , 266  

 fermentation 
 AAB , 50–52  
 aeration , 46  
  Bacillus  spp. role , 47–48, 52–53  
 box fermentation , 41–42  
 curing , 39  
 ethanol production , 46–47  
 heap fermentation system , 40  
 inocula origin , 45  
 LAB , 47, 50, 51  

 laborious process , 41  
 mechanical drying , 43  
 microbial growth , 55  
 microorganism inoculation , 40  
 mold , 55  
 mycotoxin production , 48  
 pectinolytic  fi lamentous fungi and AAB , 47  
 pod storing , 40  
 pulp, microbiological activity , 39–40  
 rewetting protection , 43, 44  
 starter culture , 55–56  
 storage and transportation , 43  
 sun drying , 43, 44  
 terminating time , 42–43  
 tray fermentation , 41, 42  
 turning heap , 41  

 yeast   ( see  Yeast, fermentation)  pre-hispanic use 
 archeological evidence , 3  
 biomarker , 3–4  
 cascading waterfall-like effect , 6  
 CB , 9  
 Chaco Canyon, cylinder jar , 6–7  
 chocolate drink consumption , 5  
 coprolites , 3  
 cultivation , 3, 4  
 economic partnerships and con fl ict , 8  
 luxury foods , 4–5  
 nutritional and healthful properties , 8  
 pochteca , 8  
 serving, chocolate drink , 7–8  
  Theobroma cacao  , 5   

  Cocoa beans , 201–202, 247  
 acid-induced proteolytic process , 89, 92–93  
 aspartic endoprotease , 94, 97  
 carboxypeptidase , 94  
 fermentation , 91–92  
 globular storage protein   ( see  Globular 

storage protein) 
 shell , 33  
 TcAP2 gene product , 94  
 vicilin (7S)-class globulin , 96–97   

  Cocoa butter (CB) , 33  
 CBEs , 152  
 CBRs , 150, 152  
 fatty acid composition , 150, 152  
 TAGs 

 composition , 150, 151  
 oil fractionation technology   

( see  Oil fractionation technology)  
  Cocoa butter equivalents (CBEs) , 152   
  Cocoa butter replacers (CBRs) , 150, 152   
  Cocoa by-products 

 cocoa bean shell , 33  
 cocoa butter , 33  
 CPH   ( see  Cocoa pod husk) 
 economic viability assessment , 24  
 farmer income and alleviating farmer poverty , 34  
 pulp juice 

 alcohol production , 28–29  
 beans, mucilaginous pulp , 25  
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 Cocoa by-products (cont.) 
 fermentary transportation , 25, 26  
 fermentation , 25  
 pectin , 26, 28  
 perforated PVC assembly , 25–27  
 physicochemical analyses , 26, 30  
 polytank , 25–27  
 soft drink development , 28  
 sweating , 25–26  

 raw/waste material collection , 34  
 relative distribution , 24   

  Cocoa pod husk (CPH) 
 animal feed ingredient , 31–32  
 bean processing , 29  
 chemical composition , 31  
 monogastric diet , 35  
 nutrient analysis and antinutritional factors , 31  
 nylon bag technique , 32  
 potash fertilizer , 33  
 preparation and storage , 30  
 production and utilization , 24  
 soap making , 32–33  
 wet feeding , 32   

  Cocoa polyphenols 
 animal studies, pharmacokinetic aspects , 224–226  
 bioavailability in vivo , 185–186  
 (+)-catechin metabolism 

 biliary and urinary excretion , 213–214  
 liver and biliary circulation , 215–216  
 methylation , 214–215  
 monomeric polyphenol biotransformation , 213  
 MS and NMR analysis , 216  
 in small intestine and liver , 214  

 chocolate matrix characteristics and type 
 (-)-epicatechin bioavailability , 235–236  
 plasma (+)-catechin temporal change , 236  
 plasma (+)-epicatechin temporal change , 236–237  
 plasma pharmacokinetic data , 238  
 procyanidins bioavailability , 238–239  
 protein, fat, and petroleum ether content , 238  
 in vitro digestion models , 235  

 diet components role 
 AUC value plot , 234  
 coingestion of dark chocolate , 230–231  
  fl ow-mediated dilation (FMD) , 231  
 milk protein , 231–232  
 normolipidemic fasted subjects , 233–234  
 plasma (+)-catechin temporal change , 232  
 plasma (+)-epicatechin temporal change , 233  
 presence and absence of milk , 229–230  

 (–)-epicatechin metabolism 
 absorption , 219  
 intragastrical dose , 216  
 metabolic conjugation , 219  
 metabolites of , 218  
 MS and NMR analysis , 217  
 oral absorption , 217  
 urinary excretion , 218  

 fermentation and roasting , 120  
  fl avan-3-ols/catechins , 179  

  fl avonoids   ( see  Flavonoids)  FMD , 119  
 free-radical scavengers/chelators , 180  
 glutathione metabolism , 180  
 human studies, pharmacokinetic aspects , 226–227  
 intestinal  fl ora interaction 

 anaerobic incubation , 209  
 colonic microbiota , 207  
 gut microbes , 208, 211  
 metabolic breakdown , 208  
 microbial metabolic products , 209–210  
 microbial stereoselectivity , 209  
 phenolic acid metabolites , 208–209  
 procyanidin B2 , 210–211  

 monomeric catechins 
 metabolism , 219–221  
 structure , 202  

 monomeric  fl avanol 
 metabolism , 211–212  
 pro fi le , 204–205  

 ORAC , 205–206  
 passage and stability, gastrointestinal tract , 206–207  
 phenolic and  fl avonoid content , 205  
 proanthocyanidins and anthocyanins , 179  
 procyanidins 

 metabolism , 221–224  
 structure , 203–204  

 stereochemical features role , 227–229  
 theobromine , 179  
 in vitro digestion models 

 bioaccessibility , 181  
 caco-2 cellular models , 184–185  
 cocoa matrices , 181–183  
 colonic fermentation , 183–184  
 digested and nondigestion fraction , 180  
 food matrix effect , 180–181  
 static and dynamic models , 181   

  Cocoa Research Institute of Ghana (CRIG) , 24   
  Cognitive functions 

 ACTICOA powder , 401  
 CFS , 400  
  fl avonoid-rich chocolate 

 ACTICOA powder , 383  
 Alzheimer’s disease , 382–383  
 anti-in fl ammatory polyphenolic compounds , 383  
 antioxidant activity , 383  
 bene fi cial effects , 386  
 blood oxygenation level-dependent response , 

383–384  
 caffeine and theobromine , 385  
 cerebral blood  fl ow , 384  
 cerebral infarction , 382–383  
 clinical studies , 382  
 clinical trial , 384  
 dementia risk factors , 382  
 episodic memory , 384  
 global cognition , 384  
 health bene fi ts , 382  
 H 

2
 O 

2
  induced apoptosis , 385  

 mental fatigue , 384  
 neuroin fl ammation suppression , 386  
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 perceptual speed and executive function , 384  
 semantic memory , 384  
 sensorimotor speed , 384  
 vasodilatation , 383  
 visuospatial skills , 384  

 neuropsychological functioning test , 402   
  Colon microorganisms , 193   
  Common Fund for Commodities (CFC) , 24   
  Coronary heart disease (CHD) 

 biological mechanisms , 309–310  
 chocolate consumption 

 catechin consumption , 304  
 cross-check dietary history method , 304  
 inverse dose-dependent association , 307  
 mortality , 304, 307  
 prospective cohort studies , 304–306  

 methodological limitations , 308–309  
 randomized controlled trial , 304   

  4-Cresol , 193   
  Cross-sensitization , 458    

  D 
  Dark chocolate 

 diabetes mellitus   ( see  Diabetes mellitus) 
 hypertension   ( see  Hypertension) 
 multiple health bene fi ts , 390   

  Decreased LDL oxidation , 295   
  Depression , 395  

 cerebrovascular blood  fl ow , 396–397  
 cocoa-containing food effects , 398–400   

  Diabetes 
 caffeine , 332  
 cocoa and dark chocolate , 332  
 epidemiological studies , 328–329  
 hyperglycemia , 327  
 magnesium , 332  
 obesity , 331  
 polyphenol-rich cocoa 

 bene fi cial effects , 329  
 early human studies , 332, 334  
 (-)-epicatechin , 329  
 glucose metabolism , 329, 332, 333  
 glucose tolerance , 330  
 hypoglycemic effects , 329  
 insulin-resistant and diabetic patients , 

334–335  
 macrovascular and microvascular complications , 

330, 331  
 normoglycemic and hyperglycemic rats , 330  
 overweight and obese subjects , 335–336  

 pro-in fl ammatory factors , 330  
 and reduced-calorie milk chocolates 

 acceptance means , 173  
 cocoa drinks , 169  
 conjoint analysis , 171, 173  
 consumer perception , 171  
  vs.  conventional milk chocolates , 169, 170  
 descriptive analysis and consumer 

affective testing , 167  

 formulations , 167, 168  
 lipid, and carbohydrate-based fat replacers , 169  
 polydextrose and lactitol , 168  
 preference mapping , 169  
 sensory properties , 167  
 storage time , 169, 171, 172  
 Sucra and Sucra/WPC chocolates , 174  
 WPC , 168  

 theobromine , 332  
 type I and type II diabetes , 327–328, 331   

  Diabetes mellitus 
 chocolate 

 atherosclerosis and lipid pro fl e , 346–347  
 blood pressure , 344  
 carbohydrate metabolism , 343  
 de fi nition , 342–343  
 endothelium function , 345–346  
 glucocorticoid hormones , 347  
 in fl ammatory markers , 348  
 vascular health , 345  

 insulin resistance , 342  
 obesity , 341   

  Diaminoxidase (DAO) inhibitors , 115   
  Dopamine , 459–461   
   Drosophila melanogaster  , 45   
  Dutched cocoa , 451, 452   
  Dynamic digestion models , 181    

  E 
  Emotional eating strategy , 431–432   
  (–)-Epicatechin , 181–183, 390, 391  

 metabolism 
 absorption , 219  
 intragastrical dose , 216  
 metabolic conjugation , 219  
 metabolites of , 218  
 MS and NMR analysis , 217  
 oral absorption , 217  
 urinary excretion , 218   

  European Food Safety Authority (EFSA) , 66    

  F 
  FAAS.    See  Flame atomic absorption 

spectrometry (FAAS)  
  Fatigue , 402–403   
  Federation for Cocoa Commerce (FCC) , 66   
  Flame atomic absorption spectrometry (FAAS) , 127, 130   
  Flavanols , 180, 190, 195, 196   
  Flavonoids 

 antioxidants , 309–310  
 bioavailability 

 aglycones , 120–121  
  Enterococcus casseli fl avus  , 122  
  Eubacterium ramulus  , 122  
 milk protein , 121–122  
 procyanidin absorption , 121  

 non-fermented cocoa nibs , 120   
  Flow-mediated dilation (FMD) , 119, 231, 267, 345   
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  Fungi 
 chocolate quality , 61–62  
 cocoa pod , 62, 63  
 fermentation process , 62  
 microbial growth and spoilage , 65  
 physiologic condition , 64  
 roasting and alkalization , 65  
 sensory property, alteration , 62  
 sun drying , 64  
 water content and microbial growth , 64    

  G 
  Gastrointestinal enzymes , 196   
  Gingivitis , 506   
  Globular storage protein 

 aspartic endoprotease , 95  
 carboxypeptidase , 96  
 hydrophilic peptides and free amino acids , 95–96  
 21-kDa albumin , 94  
 proteolytic formation , 94, 95  
 vicilin (7S)-class globulin , 94, 96   

  Glucocorticoids , 193   
  Graphite furnace atomic absorption spectrometry 

(GFAAS) , 127, 130   
  Gut microbiota 

 chocolate and cocoa bioactives , 194–195  
 energy and stress-related metabolism , 193–194    

  H 
   Hanseniaspora guilliermondii  , 49   
  Hedonic effects , 423   
  High-oleic high-stearic (HOHS) sun fl ower oil.    See  Oil 

fractionation technology  
  Hippocratic-Galenic approach , 14–15   
   1 H NMR spectroscopy , 193   
  Human and gut microbial metabolic interactions 

 chocolate and cocoa bioactives , 194–195  
 cocoa , 190, 192  
 dietary preferences and habits , 189–190  
 energy and stress-related metabolism , 193–194  
 food matrix , 190  
 HDL cholesterol , 190, 192  
 individuals speci fi c food habits , 192–193  
 modulation, host metabolism , 195–196  
 nutrimetabonomics , 190, 191  
 polyphenols , 190, 192  
 systolic blood pressure , 192   

  Human healthy volunteers 
 biological systems effect , 528  
 clinical studies , 527–259  
 dark chocolate group , 536  
 ethnobotanic and history , 526–527  
 immune-based degenerative diseases , 537  
 neuroimmune systems, black and white chocolate 

 adrenaline and noradrenaline, 
plasmatic concentration , 533, 534  

 chemical characteristics , 528  
 C-reactive protein , 530  

 cyto fl uorimetric analysis , 530  
 diastolic and systolic blood pressure , 530  
 dopamine plasmatic concentration , 531, 533  
 indolamines and catecholamines , 531  
 interleukin 10 , 530, 531  
 plasma parameters assessment , 529  
 psychoneuroimmunological parameters , 528  
 serotonin (5-HT) and 5-hydroxyindoleacetic 

acid (5-HIAA), plasma concentration , 
531, 532  

 TNF- a  production , 531, 532  
 white chocolate group , 536   

  Hydrophobic amino acids , 92–93   
  Hydroxybenzoic and hydroxycinnamic acids , 112   
  4-Hydroxyphenylacetate , 193   
  3-Hydroxyphenylpropionic acid , 196   
  Hyperinsulinemia , 520   
  Hypertension 

 baseline blood pressure , 320  
 blinding , 319  
 blood pressure-lowering mechanisms , 315  
 chocolate and cocoa products , 316, 318  
 cocoa consumption , 314  
 epicatechin and catechin , 320  
  fl avanol dosage , 319  
 Kuna Indians , 313–314  
 meta-analysis , 316, 317  

 age , 321–322  
 blood pressure-reducing effect , 316, 318  
 Cochrane Program Review Manager 

version 5.1 , 315  
 duration , 321  
  fl ow-mediated dilation , 322  
 intervention trials , 315  
 systolic and diastolic blood pressure , 316  

 sugar , 320–321  
 theobromine , 320   

  Hypochondriacal melancholy , 382   
  Hypothalamic–pituitary–adrenal metabolic axis , 193   
  Hysteroid dysphoria , 426    

  I 
  Increased antioxidant capacity , 295   
  Increased chocolate consumption worldwide , 297   
  Inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) , 127   
  International Cocoa Organisation (ICCO) , 24   
  Intestinal  fl ora interaction 

 anaerobic incubation , 209  
 colonic microbiota , 207  
 gut microbes , 208, 211  
 metabolic breakdown , 208  
 microbial metabolic products , 209–210  
 microbial stereoselectivity , 209  
 phenolic acid metabolites , 208–209  
 procyanidin B2 , 210–211   

  In vitro digestion models 
 bioaccessibility , 181  
 caco-2 cellular models , 184–185  
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 cocoa matrices 
 epicatechin and catechin , 181–182  
 food matrix composition , 182  
 macronutrient typology , 182  
 micellarization , 182  
 polysaccharide moiety , 183  
 procyanidin oligomers , 181  
 water-insoluble cocoa fraction , 183  

 colonic fermentation , 183–184  
 digested and nondigestion fraction , 180  
 food matrix effect , 180–181  
 static and dynamic models , 181   

  In vitro insulin , 192   
  Isoelectric points (IEPs) , 97    

  J 
  Joint FAO/WHO Expert Committee on Food 

Additives (JECFA) , 66    

  L 
  Lactic acid bacteria (LAB) , 47, 50, 51   
   Lactobacillus fermentum  , 50   
  LDL , 190, 192   
  Lignin-carbohydrate complex (LCC) 

 antibacterial activity , 254  
 anti-HIV activity , 251–253  
 anti-in fl uenza virus activity , 253  
 biological activities , 248  
 cigarette smoke-induced cytotoxicity , 255, 256  
 cytokine production , 258–259  
 formation , 248  
 LPS contamination effect , 259–260  
 macrophage activation , 256, 257  
 NO radical scavenging activity , 258  
 preparation method , 248, 249  
 synergistic action , 254–255  
 yield , 249–251   

  Low-calorie chocolates 
  fl avonoids , 165  
 food cravings , 163–164  
 milk chocolates   ( see  Milk chocolates) 
 obesity , 164  
 sensory characteristics , 164    

  M 
  Maillard reactions , 92, 106   
  MAO inhibitors.    See  Monoamine oxidase 

(MAO) inhibitors  
  Medline and Cochrane databases , 315   
  Metabolic syndrome , 341   
  Methylxanthine , 179   
  Microencapsulation , 196   
  Milk chocolates.    See also  Diabetes 

 formulation acceptance , 165  
 formulation B , 166  
 magnitude estimation and category scaling , 165  
 rebaudioside , 167  

 sensory attributes , 165  
 sucralose and stevioside , 166–167  
 time-intensity method and curves , 165–166   

  Monoamine oxidase (MAO) inhibitors , 115, 116   
  Monomeric catechins 

 metabolism , 219–221  
 structure , 202   

  Monomeric  fl avanol 
 metabolism , 211–212  
 pro fi le , 204–205   

  Monosaccharides and oligosaccharides , 112   
  Mood disorder , 394, 395   
  Mood effects of chocolate , 431–432  

 adverse effects , 416  
 bene fi ts , 416  
 depression , 410  
 elucidation , 410  
 emotion-inducing  fi lm clip , 410  
 in humans , 410, 414–415  
 oxidative stressors , 416  
 palatability , 410  
 potential mechanisms, animal studies , 410–413   

  Moreishness , 424   
  Mycotoxin 

 af fl atoxins , 68–69  
 chocolate occurence , 67  
 fungal toxin , 65  
 human exposure , 65  
 inhibitory effect , 66  
 investigative study , 66  
 OTA , 65–67  
 regulation of , 69  
 shell fraction and toxic contaminants , 67    

  N 
  Neurocognitive functioning, cocoa-and 

chocolate-related product effects 
 animal studies , 373–374  
 blood oxygenation level–dependent response , 371  
 clinical trial , 371  
 dose-dependent associations , 372  
 mechanisms , 374–375  
 methylxanthines in chocolate , 370, 371  
 multivariate models , 372  
 neuropsychological tests , 371  
 psychopharmacological activity 

of cocoa powder , 370  
 psychostimulant effects , 371  
 State-Trait Anxiety Inventory state scale , 372  
 visual contrast sensitivity , 373   

  Neurotransmitters, nutrient-dependent 
chocolate effects , 430–431   

  Nonnutritive constituents 
 agricultural practice 

 and cocoa bean processing , 78  
 disease , 77  
 distribution , 77  
 harvesting , 78  
 nitrogen and phosphorous application , 77  
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 Nonnutritive constituents (cont.) 
 cadmium , 81–82  
 chemical fumigation , 83  
 cocoa and chocolate , 73–74  
 contamination pathway 

 airborne fallout , 79  
 chocolate manufacture contamination , 80  
 grinding equipment contamination , 80  
 ion adsorption , 79  
 mycotoxin , 80  
 pesticides , 80  
 physiological uptake , 79  
 shell fragments , 80  
 soil contamination , 79  

 insecticides and fungicides , 74  
 lead , 81  
 market basket survey , 74  
 mycotoxins 

 A fl atoxins , 76  
 ochratoxin A , 76–77  

 nickel , 82  
 ochratoxin A , 83  
 Pb-contaminated candy , 74  
 Pb isotopic characteristics , 83  
 pesticides , 82  
 toxic effects, and regulatory value 

 cadmium , 75  
 lead , 75  
 nickel , 75–76  
 pesticides , 76    

  O 
  Ochratoxin A (OTA) 

 chocolate occurrence , 67  
 inhibitory effect , 66  
 investigative study , 66  
 shell fraction and toxic contaminants , 67   

  Oil fractionation technology , 152–153  
 dry fractionation 

 characteristics , 154–156  
 crystal growth , 153  
 crystallization kinetics , 153, 154  
 nucleation process , 153  

 solvent fractionation 
 chemical composition , 157  
 N17 oil , 156, 157  
 SHS , 156, 158–159  
 vacuum- fi ltered fat crystals , 154   

  Oligosaccharides , 196   
  Opioid reward system , 439–440   
  Optical emission spectrometry (OES) , 127   
  Orexins , 471–474   
  Orosensory properties , 422–423   
  Oxalic acid , 114   
  Oxygen radical absorbance capacity (ORAC) , 

205–206    

  P 
  Pain tolerance 

 analgesia 
 evidence for , 438–439  
 evolutionary signaling , 440  
 opioid reward system , 439–440  

 chemical compounds 
 anandamide , 441–442  
  fl avonoids , 443–444  
 methylxanthines , 442–443  
 phenylethylamine , 441  
 tryptophan , 442   

  Palatable food , 458   
  Parkinson’s disease (PD) , 270, 416   
  Periodontitis , 506   
  Personality traits , 394   
  Phenylacetylglutamine , 194   
  2-Phenylethylamine (PEA) 

 anandamide , 427  
 antipsychotic effects , 426  
 depression and dopamine , 426  
 endogenous amphetamine and mania , 426  
 methylxanthines , 428–430  
 noradrenaline and MAO-B activity , 426  
 salsolinol , 427–428  
 serotonin , 426  
 tetrahydro- b -carbolines , 427–428  
 tyramine , 426   

  Phytic acid , 114   
   Pichia kudriavzevii  , 45   
   Pichia membranifaciens  , 45   
  Polydextrose , 164   
  Polyphenol-free acetone-dry powder , 93   
  Postexercise recovery 

 carbohydrate , 452–453  
 cocoa , 450–452  
 limitations of studies , 454  
 muscle glycogen , 450  
 postexercise nutritional strategies , 450  
 protein addition to recovery meal , 453–454   

  Proanthocyanidins , 195   
  Procyanidins , 180, 382  

 metabolism , 221–224  
 structure , 203–204   

  Propionibacterium acnes , 517, 518   
  Provisional tolerable weekly intake (PTWI) , 75   
  Psychoactive components , 422, 424–426    

  R 
   Regimina Sanitatis  , 12–13   
  Reward-based feeding behaviors 

 c-Fos immunolabeling techniques , 473  
 endocannabinoid inhibitor rimonabant dose , 470  
 endogenous stress system , 470  
 ghrelin , 470–471  
 mesolimbic circuitry , 470  
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 mesolimbic dopamine reward pathway , 470, 471  
 narcoleptic patients , 472  
 orexins , 471–474  
 paraventricular nucleus of thalamus , 472  
 rimonabant , 470  
 sleep-wake function , 471  
 social stress , 474  
 suprachiasmatic nucleus , 471   

  Rimonabant , 470   
  Rustic cacao systems , 136    

  S 
   Saccharomyces theobromae  , 48   
  Salivary habituation , 164   
  SHS.    See  Sun fl ower hard stearins (SHS)  
  SSS.    See  Sun fl ower soft stearins (SSS)  
  Static digestion models , 181   
  Stearic acid , 150, 152, 310   
  Stevioside , 164   
  Striatal opioid system , 460   
  Sun fl ower hard stearins (SHS) 

 characteristics , 154–156  
 physical properties , 158–159   

  Sun fl ower soft stearins (SSS) , 154–156   
  Sympathoadrenal system , 193    

  T 
  TAG.    See  Triacylglycerol (TAG)  
   Theobroma cacao  , 20, 39, 136   
  Theobromine , 179, 390, 391   
  Triacylglycerol (TAG) 

 composition , 150, 151  
 oil fractionation technology , 152–153  

 dry fractionation , 153–156  
 solvent fractionation , 154–159   

  Two-dimensional gel electrophoresis , 96–97   
  Type 2 diabetes.    See  Diabetes mellitus   

  U 
  United Nations Codex Alimentarius Commission , 74   
  US Food Safety Modernization Act , 82    

  V 
  Vascular tone, endothelial control 

 blood  fl uidity and control , 277, 278  
 cardiovascular diseases , 279  
 endothelial dysfunction , 279  
 endothelial NO synthase , 278  
  fl avonoid classes , 279  
 health and disease, humans , 282–283  
 platelet adhesion and activation prevention , 278  
 polyphenol-rich sources 

 animal models, endothelial function , 281–282  
 endothelium-dependent relaxations , 279–281   

  Vasodilation , 392, 396   
  Vicilin (7S)-class globulin , 98–99  

 aspartic endoprotease and carboxypeptidase , 96  
 hydrophilic peptides and free amino acids , 95–96  
 proteolytic formation , 94, 95  
 structure , 96–97    

  W 
  Whey protein concentrate (WPC) , 168   
  Wild and domestic animals 

 animal feed 
 cocoa by-products , 136–137  
 theobromine content , 137–138  

 cacao plantations and biodiversity , 136  
 chocolate toxicity , 138–139   

  Witches’broom , 77    

  Y 
  Yeast, fermentation 

 box and heap fermentation , 48  
 CLP , 49–50  
 ethanol production , 46–47  
 growth , 45–46  
  Hanseniaspora guilliermondii/opuntiae  

complex , 49  
 molecular biology–based method , 48–49    

  Z 
   Zymomonas mobilis  , 54            
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