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Preface

This handbook reviews the latest developments in prebiotics, which are pop-
ular functional food ingredients designed to improve human or animal health
by mediating activities of gut microflora. Currently, there is much debate on
what prebiotics actually are, where they come from, andwhat they can do. In
this book, a range of leading scientists in the field have provided their views
in this rapidly advancing area of nutrition andmicrobiology. The approach is
to begin a particular section of the book with a general overview on the area
of interest. Following that, more specific comments on prebiotic influences
appear. The authors are experts in their particular areas and all have been
encouraged to give a balanced view of the current situations.
The book begins with a historical view of prebiotics and describes their

interactions with gut microbiota, including those at the mucosal level. Some
new avenues of research are described, along with an overview of current
human and animal data. The book then moves toward the various health
outputs that are, or have been, leveled against prebiotic intake. Clearly, there
are varying levels of evidence and agreement. There are two chapters on
mineral bioavailability, including human intervention trials. Importantly, the
purported mechanisms of action are described. This is then followed by a
discussion of effects on immune status and functionality—an area that forms
the basis of many gut flora modulation claims.
The influence of gut microbiota and their fermentation products on serum

lipid concentrations has long been a subject of debate—this is covered in the
next chapter. Following that, one of the major public health challenges of the
twenty-first century (obesity and related conditions) is addressed, and the
authors purport a role for prebiotics in modulating satiety as well as peptide
profiles and microbial fermentation patterns in this context.
Early in the book, it is mentioned that prebiotics can fortify indigenous

probiotics within the gut, such as the bifidobacteria. One health message
often associated with this is the concomitant effect on individual gastrointes-
tinal pathogens, with implications for reduced incidence of gastroenteritis
and diarrhea symptoms, maybe including antibiotic-associated forms. More
generically, should gut pathogens or their products be involved in chronic
gut disorders then there may well be applications for prebiotics in reducing
risk. This is addressed in the context of intestinal cancers and inflammatory
bowel disease.
A dietary tool that modulates the microbial composition of the intest-

inal tract is likely to have varying effectiveness in different populations and
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age groups. As such, we have asked relevant experts to discuss prebiotic
effects in infants and elderly persons. A further topic discussed in one of the
chapters is the effects on animals. Both farmyard and domestic applications
are described and are very relevant—the former because of current bans on
routine antimicrobial use in farm animals and the latter because of consumer
concern for household pet health.
To conclude the book, the final chapters describe the food avenues for

prebiotic use and the safety implications—both areas being ofmuch relevance
to consumers and legislators alike.
As a general issue, it is our belief that for such an applied science area to

succeed realisticmechanisms of effects are required. Today, consumers expect
such information and it is good to see the balanced arguments given by the
various authors here. We hope that the book helps attract new scientists to
the area of prebiotics and gut (plus systemic effects). We also hope that con-
sumers, researchers, and students in academic and industrial environments
are interested in the contents of the book. Thismay span disciplines including
food science, nutrition, microbiology, biotechnology, and the health sciences.



8171: “chap00” — 2007/12/10 — 12:40 — page xi — #11

Acknowledgments

The editors would like to sincerely thank all the contributors to this book.
First, the subeditors of each chapter whoworked toward identifying possible
overlapand interactedexpertlywith theauthors tominimize this. Theauthors
themselves are all recognized as leading experts in their researchdisciplines—
inevitably this involves a busy life and we are extremely grateful to them for
taking time out to make such excellent contributions to the book. Last, but
not least, we thank Jill Jurgensen and project editor, Rachael Panthier, and the
rest of the publication team involved in producing this book.



8171: “chap00” — 2007/12/10 — 12:40 — page xii — #12



8171: “chap00” — 2007/12/10 — 12:40 — page xiii — #13

Editors

Glenn R. Gibson is professor of food microbiology at the University of
Reading, Reading, United Kingdom. He is a member of the Department of
Food Biosciences and head of the Food Microbial Sciences Research Unit.
His previous posts were as head of microbiology, Institute of Food Research,
Reading, and research scientist at MRC Dunn Clinical Nutrition Centre,
Cambridge.
His PhD research (Dundee) was on the microbiology of sea loch sediments

in Scotland. He has published more than 300 research articles, 10 patents,
and 5 books on gut microbiology. He gives an average of 40 science lectures
at international conferences each year and sits on five advisory panels in
Europe and the United States (and chairs two of them). His main interest is
the role of human gut bacteria in health and disease.

Marcel B. Roberfroid is now a retired professor of the Université Catholique
de Louvain in Belgium, the same institution from which he graduated as
a pharmacist and completed his PhD in pharmaceutical sciences. He com-
pleted his postdoctoral research under B.B. Brodie at the Laboratory for
Clinical Pharmacology at the U.S. National Institutes of Health, Bethesda,
Maryland. Dr. Roberfroid returned to the Université Catholique de Louvain,
where he was appointed professor of biochemistry, biochemical toxicology,
and experimental nutrition, and where he remained for the rest of his career.
During his academic career, Dr. Roberfroid led the research group that

investigated the mechanisms of carcinogenesis, particularly concerning the
role of food and nutrition in modulating that process. In Europe, he was also
very active in developing the concept of “functional food,” and together with
his colleague Professor G. Gibson at the University of Reading in the U.K., he
conceived of “prebiotics” and “synbiotics,” which have become very popular
concepts in the science of nutrition. It is because of these concepts that he
became involved in the research on inulin-type fructans, and he is now inter-
nationally recognized as a leading expert in that field. He has served as the
president of the European branch of the International Life Sciences Institute
(ILSI Europe) and worked as a scientific consultant for many companies in
the food industry.



8171: “chap00” — 2007/12/10 — 12:40 — page xiv — #14



8171: “chap00” — 2007/12/10 — 12:40 — page xv — #15

Contributors

Steven A. Abrams Baylor College of Medicine, Houston, Texas, U.S.A.

Umar Asad National Cancer Institute, Bethesda, Maryland, U.S.A.

Michel Beylot Faculté de Médecine R. Laënnec, Université de Lyon, Lyon,
France

Rémy Burcelin UMR CNRS, Toulouse, France

Patrice D. Cani Faculté de Médecine, Ecole de Pharmacie, Université
Catholique de Louvain, Brussels, Belgium

Nathalie M. Delzenne Faculté de Médecine, Ecole de Pharmacie,
Université Catholique de Louvain, Brussels, Belgium

Thierry Devreker AZ Kinderen VUB, Brussels, Belgium

Levinus A. Dieleman Centre of Excellence for Gastrointestinal Inflamma-
tion and Immunity Research, Edmonton, Canada

Alix Dubert-Ferrandon Mucosal Immunology Laboratory, Massachusetts
General Hospital for Children, Harvard Medical School, Boston,
Massachusetts, U.S.A.

Nancy J. Emenaker National Cancer Institute, Bethesda, Maryland, U.S.A.

Fabien Forcheron Faculté de Médecine R. Laënnec, Université de Lyon,
Lyon, France

Anne Franck ORAFTI, Tienen, Belgium

Glenn R. Gibson Department of Food Biosciences, University of Reading,
Reading, U.K.

Chris Gill Northern Ireland Centre for Health, University of Ulster,
Coleraine, U.K.



8171: “chap00” — 2007/12/10 — 12:40 — page xvi — #16

xvi Contributors

Michael Glei Friedrich-Schiller Universität Jena, Jena, Germany

Ian J. Griffin Baylor College of Medicine, Houston, Texas, U.S.A.

Francisco Guarner Digestive System Research Unit, University Hospital
Vall d’Hebron, Barcelona, Spain

Bruno Hauser AZ Kinderen VUB, Brussels, Belgium

Keli M. Hawthorne Baylor College of Medicine, Houston, Texas, U.S.A.

Frank Hoentjen Division of Gastroenterology, Free University,
Amsterdam, The Netherlands

Annett Klinder Department of Food Biosciences University of Reading,
Reading, UK

Claude Knauf UMR CNRS, Toulouse, France

Sofia Kolida Department of Food Biosciences, University of Reading,
Reading, U.K.

Dominique Letexier Faculté de Médecine R. Laënnec, Université de Lyon,
Lyon, France

John A. Milner National Cancer Institute, Bethesda, Maryland, U.S.A.

David S. Newburg Mucosal Immunology Laboratory, Massachusetts
General Hospital for Children, Harvard Medical School, Boston,
Massachusetts, U.S.A.

Aundrey Martine Neyrinck Faculté de Médecine, Ecole de Pharmacie,
Université Catholique de Louvain, Brussels, Belgium

Gérard Pascal Institut National de la Recherche Agronomique, Paris,
France

Beatrice L. Pool-Zobel Friedrich-Schiller Universität Jena, Jena, Germany

Marcel B. Roberfroid Faculté deMédecine, Ecole de Pharmacie, Université
Catholique de Louvain, Brussels, Belgium

Ian Rowland Northern Ireland Center for Health, University of Ulster,
Coleraine, U.K.

Silvia Salvatore AZ Kinderen VUB, Brussels, Belgium



8171: “chap00” — 2007/12/10 — 12:40 — page xvii — #17

Contributors xvii

Delphine M.A. Saulnier Department of Food Biosciences, University of
Reading, Reading, U.K.

Stephanie Seifert Bundesforschungsanstalt für Ernährung, Institut für
Ernährungsphysiologie, Karlsruhe, Germany

Henryk S. Taper Faculté de Médecine, Ecole de Pharmacie, Université
Catholique de Louvain, Brussels, Belgium

Dieter Vancraeynest ORAFTI, Tienen, Belgium

Yvan Vandenplas AZ Kinderen VUB, Brussels, Belgium

Jan Van Loo ORAFTI, Tienen, Belgium

AllanW.Walker Mucosal Immunology Laboratory, Massachusetts General
Hospital for Children, Harvard Medical School, Boston, Massachusetts,
U.S.A.

Bernhard Watzl Bundesforschungsanstalt für Ernährung, Institut für
Ernährungsphysiologie, Karlsruhe, Germany

Andrew L. Wells Department of Food Biosciences, University of Reading,
Reading, U.K.



8171: “chap00” — 2007/12/10 — 12:40 — page xviii — #18



8171: “chap01” — 2007/12/3 — 14:26 — page 1 — #1

1
General Introduction: Prebiotics in
Nutrition

Marcel B. Roberfroid

CONTENTS
Introduction: Colonic Microbiota, a Key Element in

Health and Well-Being . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
The Concept of Colonic Nutrients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Prebiotic: A Specific Colonic Nutrient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Prebiotic and Probiotic: Comparison of the Mechanism of Action . . . . . . . 9
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Introduction: Colonic Microbiota, a Key Element in
Health and Well-Being

A complex community of microorganisms inhabits the mammalian
gastrointestinal tract from mouth to anus, but the colon is, by far, the
main site of this microbial colonization [1]. Over the last 20–25 years, our
knowledge on the complexity of this microbiota has increased considerably.
Paramount to such aprogress is the development andvalidation of a diversity
of new molecular-based microbiological methodologies that have provided
unequivocal evidence of composition [2–4]:

• The identification of newdominant phyla/groups/species ofmicro-
organisms (accounting for up to 65–70% of the whole microbiota)
previously not accessible to the culture-based methods. As shown
in Figure 1.1 and based on taxa (phyla and groups) analysis,
the dominant human fecal flora is composed of 3 phyla, that is,
Firmicutes, Bacteroidetes, and Actinobacteria that can represent

1
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Firmicutes Bacteroidetes Actinobacteria

Log10
Bifidobacteria Collinsella- 

Atopobium 
Enterobacteria Lactobacilli 

Streptococci

10 

9 

8

3–5.3 × 1010 

0.9–4.2 × 1010 

0.7–1.0 × 1010 

0.3–4.0 × 109

0.4–1.0 × 109

2 × 108

0.1–1.4 × 1010

1–14% 

30–53%  

9–42%  

1–14%

0.7–10%
0.3–3.7%

2%

FIGURE 1.1
Quantitative overview of the predominant humanmicrobiota resulting from phyla/groups ana-
lysis. The approximatenumber of bacteria in eachphylum/groupper gramof feces is given either
in absolute numbers or percentages. These are also represented by vertical bars on a log(10) scale.
The grey dotted bar and figures are for the phylum Actinobacteria which is further subdivided
into two groups, that is, Bifidobacterium and Collinsella-Atopobium.

up to 75% of the whole microbiota, and subdominant groups are
enterobacteriacae, streptococci, and lactobacilli [5].

• A better understanding on how this microbiota evolves, starting
from its implantation in the newborn intestine immediately after
birth until the last period of life, leading to the demonstration that,
during a lifetime, its complexity increases from only a few groups
in infants to a few hundreds of groups/genera/species in later
age [6].

• The discovery that the composition of the intestinal (mainly
colonic) microbiota is, quantitatively and/or qualitatively, largely
individual [7].
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• The confirmation that this composition can be influenced by or
be, at least partly, causal for miscellaneous intestinal (e.g., inflam-
matory bowel diseases [8] and colon cancer [9]) and also systemic
(e.g., obesity [10–12] metabolic syndrome [13] autistic spectrum
disorder [14]) conditions.

In addition, understanding of the role of the complex microbial pop-
ulation that lives in symbiosis with the eukaryotic intestinal, mostly
colonic, epithelium in health and disease and the mechanisms thereof has
increased [15]. Indeed and especially through its composition, the gut micro-
flora appears to play important nutritional and physiopathological roles
such as:

• Prevention of gut colonization by potentially pathogenic micro-
organisms (i.e., improving colonization resistance) by outcompeting
efficiently invading pathogens for ecological niches and metabolic
substrates.

• Important sources of energy for the cells of the gutwall (e.g., provid-
ing up to 50% of the daily energy requirements of host colonocytes)
through the fermentation of carbohydrates to short chain fatty acids,
mainly butyrate.

• Modulation of the immune system (especially the gut-associated
lymphoid tissue or GALT), not only educating the naïve infant
immune system but also serving as an important source of non-
inflammatory immune stimulators throughout life in healthy indi-
viduals.

• Modulation of gene expression and cell differentiation in the gut
wall (especially endocrine L-cells in the colon).

As a consequence, progress in biology, physiology, and nutrition have con-
siderablybroadenedourviewof the functionand thepathophysiological roles
of the intestine, especially the large bowel. This organ is no longer viewed
solely as a storage vessel that produces feces and eventually absorbs water
and a few other simple molecules of both nutritive and endogenous origin.
Indeed, recent research has convincingly shown that the large bowel and
its microbiota form a strong symbiotic association and interact with each
other to play major roles not only in colonic function but also in whole body
physiology including endocrine activities, immunity, and even brain func-
tion. In such a symbiosis, the composition of the microbiota turned out to be
a key element governing:

• Interactions with the colonic epithelial cells and the GALT to mod-
ulate cell differentiation, gene expression, expression of receptors,
and metabolic activities.
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TABLE 1.1
Principal Gut (Mostly Colonic) Functions Likely to Be Influenced
by the Symbiotic Microflora

Transit time
Stool production: mass, consistency, and frequency
Metabolic activities, e.g., metabolism of bile acids
Absorption of nutrients especially minerals, e.g., Ca, Mg, and possibly Fe
Endocrine activities in gut epithelium (especially L-cell activity)
Immunity

• Role in causing (in the case of dysbiosis) or reducing the risk (in the
case of eubiosis) of both intestinal (e.g., constipation, diarrhea, colon
cancer, inflammatoryboweldiseases) andsystemicpathologies (e.g.,
allergy, atopy, obesity, diabetes, autism).

Even though it is not the only organ in human body in which such a sym-
biosis between eukaryotic and prokaryotic cells exists (this is also the case
in, e.g., the vagina and skin), it is in the large bowel that such a symbi-
osis is the most complex and has major impacts on health and well-being
(Table 1.1).

The Concept of Colonic Nutrients

As already suggested in 1995 in the paper which first introduced the concept
of prebiotics [16], one obvious conclusion of all this progress is that, in order
to best support such interactions and consequently the modulation of colonic
and whole body physiology, the colonic microbiota needs to have an appro-
priate composition, that is, a composition in which phyla/groups/species
of bacteria that are known or believed to be health promoting predom-
inate over those that are or might become harmful if they proliferate
(Figure 1.2).
The second conclusion of the most recent development in terms of that

composition is that, for each individual, the colonic microbiota is likely to
be an essential part of the “self.” Indeed and since, at birth, implantation of
the intestinal microflora is the key element that initiates development of the
immune system, it might even be suggested that composition of the colonic
microbiota is like an individual “fingerprint” that relates to or is an (indirect?)
expression of our individual immunity.
However, if the intestinal, mostly colonic, microflora is meant to play

such essential roles in physiology, these health-promoting aspects are not
infallible. They may be overcome by changes in composition, through
proliferation of pathogens specifically evolved for gastrointestinal infec-
tion. Similarly, the defense mechanisms and regulatory processes afforded
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Ps-aeruginosa

Proteus

Staphylococci

Clostridia

Veillonellae

Streptococci

2

11

N
o/

g 
F

èc
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 (
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g 1
0)

Potentially deleterious/pathogenic

Bacteroidetes (Bacteroides, Prevotella, Porphyromonas)
Firmicutes (Clostridium coccoides-Eubacterium rectale, Cl. leptum) 

Enterobacteriacae

Potentially beneficial for health

Enterococci

Lactobacilli

Actinobacteria (Collinsella-Atopobium, Bifidobacteria)

FIGURE 1.2
Schematic average distribution of dominant, subdominant, and minor components of human
fecal microflora between potentially deleterious (left side) and potentially beneficial (right side)
groups. Themajor dominant phyla, that is, Firmicutes, Bacteroidetes, andActinobacteria are still
difficult to classify because of lack of knowledge concerning activities of the different groups.
Bifidobacteria are, however, traditionally classified as beneficial for health. Based on preliminary
data, at least some members of the groups Eubacterium rectale and Cl. leptummay classify on the
right side of the scheme.

by a healthy gut microflora may be overcome when compromised by
chemotherapy (especially antibiotics) or chronic disease (e.g., colon cancer,
inflammatory bowel disease).
Theseobservations leadus toask thequestionabouthowbest to feed thegut

microflora and how to optimize nutrition in favor of the colonicmicrobiota by
developing foods specifically targeted at fortifying it, in other words, how to
develop the best colonic foods to support a health-promoting composition of
the gutmicroflora? Although the importance in nutrition of the nondigestible
carbohydrates, in otherwords dietary fibers, is well recognized, hitherto such
specific questions have not really been challenged. To do so, it is proposed
to reclassify nutrients and to recognize that a balanced diet must provide, in
adequate amounts, two categories of nutrients, that is (Figure 1.3):

• Systemic nutrients or digestible nutrients that are hydrolyzed in the
gastrointestinal tract to provide monomers (carbohydrates, amino
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Systemic/endogenous digestion
Digestible

Feed for Eukaryotic cells

Nondigestible/resistant 
Fermentable

Feed for prokaryotic cells

Nutrients

Colonic/bacterial digestion

FIGURE 1.3
Schematic representation of the concepts of systemic and colonic nutrients.

acids, fatty acids) or small oligomers that are absorbed via the blood
and/or the lymph, and distribute among the various tissues and
organs to serve as metabolic substrates, biosynthetic precursors, or
cofactors for their eukaryotic cells.

• Colonic nutrients or nondigestible nutrients, that is monomers, oli-
gomers, or polymers that are neither digested nor absorbed as
such or after hydrolysis, in the upper intestinal tract but feed the
microorganisms in the microbiota to serve as metabolic substrates
(fermentation process), biosynthetic precursors, or cofactors for
prokaryotic cells. However, metabolic end products of fermenta-
tion and/or specific signaling molecules that are released by these
microorganisms can become absorbed to feed the intestinal cellwall,
and then be distributed, via the blood or the lymph, amongst the
tissues and organs to serve, indirectly, as metabolic substrates (e.g.,
butyrate for the colonocytes), biosynthetic precursors (e.g., acetate)
or cofactors for eukaryotic cells.

As such the category of colonic nutrients may be further subdivided as

• General colonic nutrients that provide metabolic substrates, and/or
act as biosynthetic precursors or cofactors for most types of proka-
ryotic cells in the microbiota. Dietary fibers are major “general
colonic nutrients.” These are nondigestible carbohydrate oligomers
and polymers that are partly or totally fermented by a large propor-
tion of the constituents of the intestinal microbiota, thus feeding it
as a whole.

• Specific colonic nutrients that provide metabolic substrates, and/
or act as biosynthetic precursors or cofactors for one or a limited
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number of specific prokaryotic cells in themicrobiota thus providing
these with a proliferation advantage.

In line with such a new classification of nutrients, especially the last cat-
egory of specific colonic nutrients, the present chapter aims at elaborating on
the concept of prebiotic to introduce this Handbook of Prebiotics.

Prebiotic: A Specific Colonic Nutrient

By definition, a prebiotic classifies as a specific colonic nutrient. Accordingly
andasdiscussed inmoredetail inChapter 4where a formaldefinition is given,
the key characteristics that serve as criteria for classification of a compound as
prebiotics are resistance to digestive processes in the upper part of the gastro
intestinal tract and selective fermentation by one or a limited number of the
microorganisms in the intestinalmicrobiota, especially the colonicmicrobiota,
thus giving these a proliferation advantage and consequently modifying the
microbiota composition.
As discussed above and in view of the importance of the colonic micro-

flora, more specifically its composition, in initiating, controlling, and/or
modulating colonic and systemic cellular and physiological functions as
well as in reducing the risk of disease, such modification of the com-
position of the colonic microflora is likely to influence and, if adequate,
hopefully benefit health and well-being. It is the objective of various
chapters in this handbook to review available scientific evidence supporting
these microbiota composition modifying effects (the prebiotic effect stricto
sensu) and these health and well-being effects of prebiotics in the differ-
ent areas of pathophysiological interest that have hitherto been investigated
(Table 1.2).
However, the effect of a prebiotic is, essentially, indirect because it select-

ively feeds one or a limited number of microorganisms thus causing a
selective modification of the host’s intestinal (especially colonic) microflora.
It is not the prebiotic by itself but rather the changes induced in microflora
composition that is responsible for its effects. Such effects are best charac-
terized as “ecological.” Indeed, it is because of changes in the composition
of the (colonic) microflora that new interactions establish both within the
microflora and between the different phyla/groups/species of prokaryotic
cells and also between that newly composed microflora and the eukaryotic
cells of the colonic wall (including epithelium and GALT). Finally, and
as a consequence of these new or strengthened prokaryotic–prokaryotic
and prokaryotic–eukaryotic cell interactions, new and/or improved mod-
ulations of the colonic as well as body functions occur that translate in
better health and well-being and/or reduced risk of diseases. This is
illustrated in Figure 1.4 that schematically compares the composition of the
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TABLE 1.2
Main Areas of Pathophysiological Interest in Which the Effects of Prebiotics and
Probiotics Have Been Investigated

Prebiotics Probiotics

Functional Effectsa

• Intestinal/colonic functions (e.g., fecal bulking,
stool production)

• Intestinal/colonic functions (e.g.,
transit time, regularity in stool
production)

• Resistance to intestinal infections • Resistance to intestinal infections
• Bioavailability of minerals, especially Ca and Mg • Immunomodulation
• Immunomodulation
• Influence on gastrointestinal peptides especially
glucagons-like peptide 1 (GLP-1) and ghrelin
• Satiety and appetite

Disease Risk Reduction

•Management of infectious diarrhea •Management of infectious diarrhea
•Metabolic syndrome • Inflammatory bowel diseases
• Obesity • Colon cancer
• Osteoporosis
• Inflammatory bowel diseases
• Colon cancer

aSee Chapter 4 for definition of “functional” versus “disease risk reduction” effects.

BIF
LAB

EUB

Tissue intestinal/functions

(a) (b) (c)

BIF
LAB

COLI

EUB

CLOST

CLOST

BACT
BACT

BIF

EUB

LAB

COLI
COLI

BACT

CLOST

NewBIF

FIGURE 1.4
Schematic representation of the effects of prebiotics andprobiotics in the colonicmicrobiota. Each
panel is a schematic andhighly simplifiedviewof thegutmicrobiota inwhich circles andovals are
meant to represent specific bacterial species (Bact for bacteroides, Bif for bifidobacteria, Clost for
clostridia, Coli for E. coli, Eub for eubacteria and Lab for lactobacilli). Panels A and C represent a
fecalmicrobiota following consumption of a prebiotic andprobiotic respectivelywhereas panel B
is the reference composition before these intakes. See the text for further explanations of the
scheme.
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colonic microflora before and after prebiotic consumption (see panel A in
Figure 1.4).

Prebiotic and Probiotic: Comparison of the Mechanism of Action

The concept of probioticswas introduced longbefore that of prebiotics [16,17].
A probiotic has been recently defined as “Live microorganisms which when
administered in adequate amounts confer a health benefit on the host” [18].
Like prebiotics, probiotics domodify the composition of the gut microflora

and, as a consequence, they have been shown to influence both intestinal
and body functions (Table 1.2). However, it is because it is introduced into
host intestinal microflora that it causes a selective modification of its com-
position. Thus the effect of a probiotic is, essentially, direct. It is the probiotic
by itself that, by implanting into the gut microflora, is responsible for its
effects. Indeed it is the probiotic, as a newmember of the microflora, that cre-
ates/establishes new interactions both within the microflora with different
phyla/groups/species of prokaryotic cells comprising it and also with the
eukaryotic cells of the colonic wall (including epithelium and GALT). Finally
and as a consequence of these new probiotic–prokaryotic and probiotic–
eukaryotic cell interactions, new and/or strengthened modulations of the
colonic as well as body functions occur that translate toward better health
andwell-being and/or reduced risk of disease. This is illustrated in Figure 1.4
that schematically compares the composition of the colonic microflora before
and after probiotic consumption (see panel C in Figure 1.4).

Conclusion

Unraveling the importance of the gut (mostly colonic) microbiota in human
health and well-being is a major breakthrough in both medical and nutrition
research even if this still remains to be fully accepted, especially in medicine.
Because of methodological limitations, the complexity of this microflora

has been largely ignored, till recently. Moreover, the importance of the large
bowel has been underestimated by both the medical and the nutritional com-
munities. However, thanks largely to new microbiological molecular-based
methodologies, the complexity, evolution with age, and individual nature of
the gut microflora have been more thoroughly investigated. The symbiosis
between this complex community of prokaryotes and the colon is increas-
ingly recognized as a major player in health and well-being. At the same
time, new research programs have been developed to identify, describe, and
understand the mechanisms of this symbiosis and its pathophysiological
implications.
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In this introductory chapter the hypothesis is formulated that, in order
to maintain health and well-being, the gut (especially colonic) microflora
needs to be fed adequately and the concept of colonic nutrient is introduced.
Accordingly, it is proposed that a balanced nutrition should provide both
systemic and colonic nutrients. Togetherwith dietary fibers, prebiotics belong
to this last category. However and because of their selective fermentation by
only one or a few microorganisms in the intestinal microbiota, they are also
specific colonic nutrients that have the potential to selectively modify the
microbiota composition. It is through such modification that health effects of
prebiotics are mediated.
Prebiotics are therefore nutrients that have the potential to considerably

influence whole body’s physiology and consequently health and well-being.
As discussed in Chapter 4, they are functional foods and there aremany good
scientific arguments to recommend and extend dietary use.
However, because prebiotics affect specifically and selectively the gut

(mostly colonic) microflora, the importance of which is likely to become
greater and greater as biomedical research progresses, it is proposed to go
further and to classify a “prebiotic” as an essential, specific colonic nutri-
ent. Probably more than any other nutrient/food ingredient, a “prebiotic”
is essential to human (and mammals) nutrition and, in the context of diet-
ary guidelines, it should be considered to include a recommended daily
intake. However, this would require a widely accepted prebiotic definition
together with validated criteria for classification of candidate prebiotics. It is
themainobjective of thepresentHandbook of Prebiotics to review these topics in
detail.
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Introduction

The intestinal mucosa is the main site of interaction with the external envir-
onment and therefore has an important role in maintaining good health.
Formation of the gut is one of the first outcomes ofmulticellularity.1 It appears
on first impression to be quite a simple organ as it is an epithelial tube
comprising different cells surrounded by a layer of muscle. However, the
human gastrointestinal tract is a highly dynamic ecosystem. The total area
of the mucosal surface of the human gastrointestinal tract is 300m2 which
makes it the largest surface area in the body that interacts with the external
environment.2 The gut houses an enormous microbial community with total
estimates in the region of 1014 microorganisms. The distal large intestine is the
area of highest colonization with more than 500 different culturable species
and up to 100 billion microbial inhabitants.3 The total number of micro-
organisms present in the gastrointestinal tract varies according to location
(see Figure 2.1). For example stomach contents (per gram) could be less than
103 cfu, reaching 104–107 in the small intestine and 1010–1012 per gram in the
colonwhere themicrobial numbers are highest.4 The endproduct of digestion
(feces) is approximately 60% composed of bacteria.5 The whole microbiome
is thought to contain approximately 100 times the number of genes in the
human genome.6 There are four main microhabitats in the gastrointestinal

Small intestine
Bacterial numbers:
c.a. 104–106/ml contents
e.g., lactobacilli,
Gram-positive cocci

Stomach
Bacterial numbers:
c.a. 103/ml contents
e.g., Helicobacter pylori

Colon
Bacterial numbers:
c.a. 1012/g contents
e.g., bacteroides, bifidobacteria,
clostridia, peptostreptococci,
fusobacteria, lactobacilli,
enterobacteria, enterococci,
eubacteria, methanogens,
sulphate reducers, etc.

FIGURE 2.1
Basic gut anatomy. Different regions within the gut are colonized by different types of microbial
community, in terms of both species diversity and actual numbers. The distal large intestine is the
area of highest colonization with more than 500 different species and up to 100 billion microbial
inhabitants per gram of contents. The stomach conditions reduce the microbial load to less than
103 cfu (per gram) reaching 104–107 in the small intestine and 1010–1012 per gram in the colon.
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tract; the epithelial surface, the mucus layer that overlays the epithelium, the
crypts of the ileum, cecum and colon, and the intestinal lumen.

Composition of Microflora

The composition of the gut microflora has previously been elucidated
through phenotypic techniques.7 and more recently using culture independ-
ent approaches that allow classification of bacteria based upon phylogenetic
comparison of 16S rRNA sequences. This information has provided a recent
estimate of the diversity of the gut microbiota. Based on the analysis of 16S
rRNA gene sequences it was found out that eight of the 55 known bac-
terial kingdoms are present in the gut indicating a huge diversity at the
strain and subspecies levels. In the Genbank sequence accession database
there are more than 200,000 16S rRNA sequence deposits, however only 1822
are considered to be of human intestinal origin.6 The numerically dominant
divisions (super kingdoms) within the human intestine are the Cytophaga-
Flavobacterium-bacteroides (includinggenusBacteroides) and theFirmicutes
(including genera Eubacterium and Clostridium) and both comprise approx-
imately 30% of the total bacteria in mucus and feces.6 Anaerobic organisms
dominate the gut by 100- to 1000-fold greater than aerobes.8 Other domin-
ant anaerobic genera include peptococci, peptostreptococci, bifidobacteria,
and ruminococci. Subdominant aerobic (or facultatively anaerobic) genera
include escherichia, enterobacter, enterococci, klebsiella, lactobacilli, andpro-
teus including others.8 Molecular analysis has shown that the aerobic species
present reach relativelyhigh cell densities andmetabolic activity in thehuman
cecum, in fact 50% of total bacterial ribosomal RNA was found to corres-
pond to these species in this region of the gut. This is in contract to feces
in which only 7% of the total bacterial ribosomal RNA from these species is
found.9 Figure 2.2 shows the relative presence of different domains within
the intestinal microbiota.

Roles of the Microflora

Thepresence of the gutmicrobiota has influencedhuman evolution in that the
human host cannot perform certain vital intestinal functions without them.
Germ-free animal models have provided useful insights into the extensive
roles of the microflora and the extent of interaction between the host and the
gut microflora. The gut microbiota can be thought of as a microbial organ
within a human organ as the processes performed by this diverse population
are extensive; it can communicate with itself (bacteria:bacteria) and with the
host (bacteria:human). It is also a site of energy consumption, transformation,
and distribution.
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FIGURE 2.2
Bacterial domains (super kingdoms) in human intestinal microflora. Phylogenetic tree is con-
structed from 8903 different 16S rRNA gene sequences. The wedges represent super kingdoms.
Those in red are numerically predominant in the human gut, whereas those in green are also
human isolates but not numerically predominant. Wedge length represents the distance in evolu-
tionary terms from a common ancestor. (Reprinted fromBackhed, F., Ley, R. E., Sonnenburg, J. L.,
Peterson, D. A., Gordon, J. I., Science 2005, 307(5717), 1915–1920. With permission.)

Metabolic Functions

Amajor role of themicroflora is to ferment nondigestible dietary components
and endogenous mucus produced by the gut epithelia. This is an example of
a symbiotic relationship, as the human host benefits from a wide array of
microbial enzymes which are outside the host’s own biochemical repertoire.
This provides the host with a source of energy from the food ingested and
also the microflora, which in turn is used to sustain an expanding microbial
community. The major source of energy from colonic fermentation is from
carbohydrates which includes large polysaccharides (such as plant derived
pectin, hemicellulose, cellulose, gums, and resistant starch) and also less
complex carbohydrates such as oligosaccharides and non absorbed alcohols
and sugars.10,11 Fermentation is not limited to carbohydrates but also to
other dietary components such as proteins and glycoproteins. The main fer-
mentation products are short chain fatty acids (SCFAs). However proteolytic
fermentation (of proteins and peptides) also generates potentially dam-
aging compounds (such as ammonia, amines, and phenolic compounds).12

Fermentation activity differs according to area within the gut, the most
metabolically active area is the cecum and right colon; consequently this
is an area of rapid bacterial growth, low pH (5–6), and high generation of
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SCFAs.11,13 The left side of the colon has less carbohydrate fermentation, the
pH is less acidic, and is the main site of protein degradation.8

Examples of SCFAs include acetate, butyrate, and propionate. These are
small organic molecules that are absorbed by diffusion, carrier-mediated
exchange, or ion exchange processes and have different roles in vivo. The
absorption of ions such as calcium, magnesium, and iron in the cecum
is improved in the presence of SCFAs.14,15 Other SCFAs such as acetate
and propionate can be found outside the gut portal blood or in different
tissues.

The presence of adequate SFCAs causes colonic water and sodium ions to
be absorbed, producing solid stools,16 therefore having an effect on intestinal
transit time although the mechanisms are unclear. It is also reported that the
microflora help regulate gut function by reducing intestinal permeability.17

A randomized controlled healthy volunteer study showed that the transit
time was shortened in the sigmoid colon in women who were supplemented
with B. animalis DN-173010.18

Short chain fatty acids are not only a source of energy for tissues but can
also have important effects on host physiology. The colonic epithelia almost
entirely consume the butyrate that is produced as it is a preferred energy
source.11 Short chain fatty acids have a positive effect on epithelial cell dif-
ferentiation and proliferation in vivo, whereas the opposite effect is seen
with human cell lines. Some components of the microflora produce vitamins
(folate, biotin, and vitamin K-2).19,20

Pathogen Resistance

A major role of the commensal flora is to protect against infection from
exogenous organisms which could include pathogens. There are several
mechanisms thought to contribute to this but it is collectively termed colon-
ization resistance, which is a multifunctional defensive strategy. Germ-free
animals have shown that a lack of microflora leaves its host much more
susceptible to infection.21,22 Colonization resistance can also apply to endo-
genous bacteria that are opportunistic pathogens. Adhesion is an important
factor of colonization resistance, as nonpathogenic organisms need not only
be able to adhere to the gut epithelium but also to proliferate on it.23

Adhesion is a commonly assessed factor for bacterial strains with poten-
tial positive health benefits in vivo. However, if an organism is adherent
in an in vitro model it is not necessarily as adherent in the human intest-
ine, as human volunteer studies have shown. When supplementation has
ended, the organism can usually no longer be detected in the feces after
1–2 weeks.24 It is more likely that colonization is rather temporary or per-
sistent than permanent. Two common human intestinal cell lines which
express morphologic and phenotypic characteristics of normal enterocytes
areHT-29 andCaco-2 cells.25 They are routinely used to assess adhesion capa-
city of bacteria in vitro often followed by an investigation in vivo. Adhesion
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processes are complex and multifactorial for both pathogens and probiot-
ics. It is considered that the microflora status in a healthy individual is one
of exclusion. This strategy makes it more difficult for pathogens to interact
with epithelial cells; this means the pathogen can be competitively excluded
from the epithelial surface, which can prevent adhesion of the pathogen and
possibly subsequent infection processes.

Nutrient Availability

This is a generalized mechanism whereby the bigger the commensal micro-
flora present in any given ecological niche the less the availability of nutrients
to support pathogens; therefore a competitive environment is created. An
example in vivo is a germ-free mice model which is then colonized only
with Bacteroides thetaiotomicron. A communication system between the bac-
terium and the host is established where the bacteria can sense the levels of
l-fucose in the distal small intestine environment. It can then produce a sig-
nal which tells the host to produce more hydrolyzable fucosylated glycans if
necessary.26

Bacteriocins

The production of gene encoded antimicrobial peptides is not unique to bac-
teria and occurs in other kingdoms, for example, in plants, animals, and
insects.27 Various bacteria show antagonistic or inhibitory activity toward
competitor organisms (particularly in a competitive ecosystem such as the
gut). They typically are amphipathic, cationic (excess arginine and lysine
residues), and composed of 10–45 amino acids.28 It is thought that they have
a ubiquitous role in preventing infection.29 Low molecular weight meta-
bolites can have inhibitory effects toward pathogens For example, organic
acids and their derivatives (phenyl lactic and 4-hydroxy-phenyl-lactic acid),
carbon dioxide, ethanol, SCFAs, hydrogen peroxide, diacetyl, reuterin, and
reutericyclin all have demonstrated inhibitory effects.30,31 Inhibition can
also be caused by bacteriocins, which are peptides or proteinaceous sub-
stances that are secreted by bacteria in response to the presence of other
bacteria; they often affect or inhibit a strain closely related to the producer
organism.32

Bacteriocins have been defined as “antimicrobial proteins that are active
against bacteria, usually active against the producer organism and most
often produced by Gram-positive bacteria.”32 This has more recently been
broadened into the following “extracellularly released primary or modified
products of bacterial ribosomal synthesis, which can have a relatively narrow
spectrum of bactericidal activity, characterized by inclusion of at least some
strains of the same species as the producer bacterium and against which
the producer strain has some mechanism(s) of self protection.”33 Bacteri-
ocin classification is still under debate as newly characterized isolates are
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often published yet their role in biological systems is still vague. The current
model defined by Klaenhammer (1993) proposes four main classes: lanti-
biotics, nonlantibiotic peptides, nonlantibiotic large heat labile proteins, and
complexbacteriocins (that contain essential lipid/protein residues in addition
to protein). The first bacteriocinwas discovered in 1928 in E. coli andwas sub-
sequently named colicin V.32 Bacteriocins or bacteriocin like substances tend
to have wider inhibition criteria than colicins, and are a large and heterogen-
eous group, differing not only in structure, activity spectra, mode of action,
molecular weight, and genetic origin but also in biochemical properties.34 In
fact, one organism canproducemore than one bacteriocin.29 Their production
may provide the producing organism a competitive advantage within a com-
plex ecosystem such as the gut. Bacteriocinogenic strains are often isolated
from infant feces as this represents a competitive environment where anti-
microbial compound production might be increased.35,36 Bacteriocinogenic
[lactic acid bacteria (LAB)] strains or LAB bacteriocins that are active against
food-borne pathogens or food spoilage organisms are the subjects of research
interest. They represent a source of natural food preservatives, are generally
regarded as safe, naturally produced, and nontoxic. Therefore they are find-
ing applicationswithin the food industry and functional foodmarket. Todate,
the only commercially approved bacteriocin for use in foodmanufacturing is
nisin produced from specific Lactococcus lactis strains.37

The Gut Microbiota and Interactions with the Immune System

The gut microbiota is the human body’s single most important source of
microbial stimulation and therefore plays an important role in postnatal
immune maturation and development. The microflora is involved in main-
taining a primed mucosal immune system, which can distinguish between
pathogens and commensal organisms. Evidence from germfree animals has
also shown that the presence of the gut microbiota enhances the develop-
ment of gut associated lymphoid tissues (GALT).38 Within the gut there are
many complex interactions occurring, and a balance is required between
appropriate immuno-surveillance and hyper sensitivity. Therefore differ-
ent aspects of the immune system function within the gut to promote an
overall homeostasis. For example, discrimination between potential patho-
gens and commensal bacteria is a crucial process in mucosal immunology.
One of the main mechanisms that is thought to help GALT maintain a
homeostasis is through the regulation of cytokines.39 Some bacterial spe-
cies within the microbiota have been shown to enhance the gut immune
response, for example, certain probiotics have been shown to enhance the
binding of antigen to epithelial cells, which seems to reinforce the immune
response but not lead to hypersensitivity. Also, they have shown an ability
to suppress the immune response and lead to a “tolerance,” which can be
helpful in certain inflammatory gut conditions such as inflammatory bowel
disease.39
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Factors Affecting Composition of the Microflora

Although the major dominant bacterial groups have been described, there is
considerable species variation between individuals. For example, all humans
havemany specieswithin each genus. The foremost specieswithin that genus
will differ considerably between individuals.40 In a healthy gut, there is a bal-
ance between potentially harmful and beneficial bacteria. Probably the most
important factors in determining the initial colonization pattern are the type
of delivery at birth (either vaginal or caesarean section) and the initial diet
(whether the baby is fed mother’s milk or infant formula). The microbiota in
a newborn changes rapidly during the first few weeks and during weaning.3

Other important factors include the environment, age, gender, and diet. Vari-
ations in microflora composition have been found between infants born in
different countries and raisedwith different diets, also even between hospital
wards.41−44

The composition of the adult microflora is thought to be more stable; how-
ever, various situations can disrupt this homeostasis, for example, during
antibiotic treatment, after certain surgery, exposure to radiation, and in some
disease states such as infectious diarrhoeal conditions.45

Modulating the Composition of the Microflora

It is known that some bacteria have positive health effects in terms of pre-
vention of gut infection or a reenforcement of innate defenses. The concept of
changing the composition of themicroflora has been suggested and currently
there are various strategies available to do this.

Probiotics

Probiotics represent a sizable aspect of the functional food market, which
seems to be increasingly popular with consumers looking for nonprescrip-
tion alternatives that can prevent or treat a variety of disorders.46 Probiotics
are marketed to health conscious consumers as a tool to prevent gut dysfunc-
tion and reinforce their innate defense mechanisms, therefore their use has
become increasingly widespread.47 The probiotic market is vast and in the
United States (USA) alone the potential for market growth has been estim-
ated at $20 million per month.48 This is interesting particularly when the
northern USA has been considered to be behind Europe in embracing the
probiotic concept.46 In Australasia, probiotic sales have increased by 22%
over 2 years till March 2005 (Pirani 2005). In the United Kingdom (UK) it
is estimated that 3.5 million individuals consume probiotics in some form
daily.48 Probiotics have been traditionally found in fermented foods such as
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yogurt, cured meat, and vegetables; however, due to the current commercial
success manufacturers particularly in the European and Japanese markets
are expanding the product ranges further into new food vehicles such as
cheese, ice cream, and chocolate in addition to yogurt drinks.46 Probiotics
were originally defined in 1965.49 A more recent definition is “a live micro-
bial feed supplement that beneficially affects the host animal by improving
its intestinal microbial balance.”50 However, recent discussion has elicited
subtle revisions, and the following definition has been proposed: “probiotics
are microbial cell preparations or components of microbial cells that have a
beneficial effect on the health and well-being of the host.”51 This broadens
the term somewhat and includes nonviable bacteria or their components.
Probiotics have been shown to alter the microbial ecology of both adults and
children. The infantmicroflora ismore susceptible tomanipulation using pro-
biotic supplementation as it is still changing during the first few months of
life. The adult microflora is more stable although it can be temporarily mod-
ulated via regular consumption of probiotics and prebiotics.47,52 Probiotics
have been shown to exert a number of positive physiological health effects,
while prebiotics serve to increase their indigenous numbers in the gut.

Lactic Acid Bacteria

Commercial probiotics are mostly members of the Lactobacillus genus, which
have been used for centuries to create fermented food products. Other
organisms including bacteria and yeasts can also be considered probi-
otic. The Lactobacillus genus comprises a diverse group of Gram-positive
bacteria; their most typical features include nonsporulation and lack of cyto-
chromes; they are nonaerobic but aerotolerant, and have fastidious and
acid-tolerant cocci or rods that produce lactic acid as a major fermentation
end product (Axelsson 1998). The genus Lactobacillus is heterogeneous and
contains species with 32–53% G+C content of the chromosomal DNA con-
tent, which is classified into three groups as based on differences in sugar
metabolism due to the presence or absence of fructose-1, 6-diphosphate
aldolase, and phosphoketolase (Axelsson 1998). The Lactobacillus acidophilus
species has recently been reclassified into six subgroups based on DNA
sequence homology and cell wall compositions. The six groups include A1
(L. acidophilus), A2 (L. crispatus), A3 (L. amylovorus), A4 (L. gallinarum), B1
(L. gasseri), and B2 (L. johnsonii).53,54 Themost common intestinal Lactobacillus
isolates are from the acidophilus group and include L. salivarius, L. casei,
L. plantarum, L. fermentum, L. reuteri, and L. brevis (Mitsuoka 1992). A recent
and unique study was conducted across Europe whereby the composition of
the microbiota was determined for healthy adults (age 20–50) and the elderly
(above 60 yrs) in four countries. It was found that Lactobacillus-Enterococcus-
Lactococcus-Enterobacteria and Eubacterium cylindroides each composed less
than 1% of total bacteria in the study samples (n = 230).55 Therefore LAB are
important functionally but not predominant numerically.
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Bifidobacteria

Bifidobacteria are another key group of probiotics found in the gastrointest-
inal tract, with typical bacterial counts of 109–1011 per gram of stool.
They have been found in six distinct ecological niches including human
oral cavity and gut, food, sewage, and the gastrointestinal tracts
of insects and animals.56 The common human group isolates include
B. bifidum, B. longum, B. infantis, B. breve, B. adolescentis, B. angulatum,
B. catenulatum, B. pseudocatenulatum, and B. dentium (Ballongue 1998). They
share some phenotypic features with lactic acid bacteria, although the genus
Bifidobacterium is actually related to theActinomycetes branchandhave ahigh
G+C content. Sugar metabolism of Bifidobacterium spp. is unique as they lack
aldolase and glucose-6-phosphate dehydrogenase. Hexose sugars are exclus-
ively degraded within the fructose-6-phosphate pathway by the key enzyme
fructose-6-phosphate phosphoketolase. This enzyme is also used as a taxo-
nomic tool to identify Bifidobacterium species; however it cannot be used to
discriminate between species.57 Bifidobacterium spp. can utilize a wide range
of substrates for fermentation including various hexoses (lactose, galactose,
raffinose, sucrose, mannitol, and sorbitol) and polysaccharides (amylopectin,
amylose, xylan, and mucin). They can also metabolize substrates such as
fructooligosaccharides, which selectively encourage their proliferation, res-
ulting in a positive shift in microbial ecology as bifidobacteria have positive
reported health effects, as do LAB.58

Prebiotics

One mechanism to increase the number of beneficial bacteria in the gut is
through the ingestion of prebiotics. Prebiotics are defined as “nondigestible
food ingredients that beneficially affect the host by selectively stimulating
the growth and/or activity of one, or a limited number of bacteria in the
colon that can improve the host health.”59 This definition was updated in
2004 and prebiotics are now defined as “selectively fermented ingredients
that allow specific changes, both in the composition and/or activity in the
gastrointestinal microbiota that confers benefits upon host well-being and
health.”60 The latter definition does not only consider themicrobiota changes
in the colonic ecosystem of humans, but in the whole gastrointestinal tract,
and as such extrapolates the definition into other areas that may benefit from
a selective targeting of particularmicroorganisms. Any food that contains car-
bohydrates, and in particular oligosaccharides, is potentially a prebiotic, but
in order to be classified as such it must fulfill the following criteria: It should
neither be hydrolyzed nor absorbed in the upper part of the gastrointestinal
tract, and it should be selectively fermented by one or a limited num-
ber of potentially beneficial bacteria commensal to the colon, for example,
bifidobacteria and lactobacilli, which are stimulated to grow and/or become
metabolically activated. Prebiotics must be able to alter the colonic microbi-
ota toward a healthier composition, by increasing, for example, numbers of
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saccharolytic species while reducing putrefactive microorganisms. A desir-
able attribute for prebiotics is the ability to persist toward distal regions of the
colon, as this is the site of origin of several chronic disease states including
colon cancer and ulcerative colitis (UC).61

Although prebiotic and probiotic approaches are likely to share common
mechanisms of action, as their effect is impacted through the increase of
beneficial colonic bacteria in both cases, they differ in composition and
metabolism. One advantage of the prebiotic over the probiotic approach
is that the former does not rely on culture viability. Prebiotics are ingredi-
ents in the normal human diet and as such they do not pose as great a
challenge from the aspects of safety and consumer acceptability as doprobiot-
ics. The currently recognized prebiotics in Europe are fructooligosaccharides,
galactooligosaccharides, and lactulose.

According to Frost and Sullivan,62 the European prebiotic market is dom-
inated by fructans and galactooligosaccharides, sales of which were thought
to be worth about e87 million in 2003 and expected to grow to e179.7 mil-
lion in 2010. Prebiotics are added to many foods, including yoghurts, cereals,
breads, biscuits, milk desserts, ice creams, and so forth.

Increases in bifidobacteria and lactobacilli by prebiotics have been stud-
ied in vitro.63−65 The majority of clinical trials in humans have focused on
demonstrating their efficacy in increasing intestinal levels of bifidobacteria
and sometimes lactobacilli in fecal samples of healthy subjects.66,67 Increases
in bifidobacteria and lactobacilli have also been reported in gut mucosa of
patientswaiting for colonoscopywith the ingestion of 15 g/day for 2weeks of
fructooligosaccharides-enriched inulin.68 An increaseofEubacterium spp.was
also reported in this study. Research in the field of colon cancer is also encour-
aging with prebiotics.69−71 Effects have been reported to be associated with
gut-flora mediated fermentation and production of protective metabolites
suchasbutyrate inhuman.72 Butyrate is theprimary energy source for colono-
cytes. Moreover, it also inhibits DNA synthesis and stimulates apoptosis and
as such may play a role in cancer prevention.73

Apart from the increase in beneficial bacteria and production of SCFAs,
certain prebiotics may be beneficial through an entirely different mechanism.

Oligosaccharidesmay act as cellular receptors for intestinal pathogens such
as E. coli and Salmonella species, which instead of binding to cellular receptors
may bind to the “decoy” oligosaccharides.74 An explanation of this concept
can be found at http://www.food.rdg.ac.uk/people/afsrastl/antiadhesives.
htm. Although research in this area is still in its infancy, achieving oligosac-
charide efficacy at multiple mechanistic levels is indeed intriguing.

Synbiotics

Synbiotics are combinations of an exogenous probiotic and a prebiotic, the
idea that the probiotic would reach the target site and proliferate in situ using
the prebiotic.59 The prebiotic should be a specific substrate for the probiotic,
being able to stimulate its growth and/or activity while at the same time
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enhancing indigenous beneficial bacteria. The term synbiotic refers indir-
ectly to a synergy and that is why some authors have suggested that this
term should refer exclusively to products in which the prebiotic compound
selectively favors the probiotics.75

One desirable attribute of a synbiotic is to improve survival of the pro-
biotic through the gastrointestinal tract and some studies have determined
this aspect in animals.76,77 A good example can be seen in the study of Wang
et al.,77 in which a six-fold greater recovery of the strain Bifidobacterium spp.
Lafti(TM) 8Bwasnoted inmouse feces following anoral dosagewhen resistant
starchwas added for 2 weeks, compared to a control without this substrate.77

This strain was previously shown to be able to ferment this substrate and
adhere to the granules of resistant starch in vitro. These two characteristics
could have protected the strain during transit through the gastrointestinal
tract of the mice, and thus enhanced its survival.

As the concept of synbiotics is recent, only a few intervention stud-
ies in humans have been carried out. Synbiotics were proven successful
in reducing inflammatory markers and colitis in active UC patients in a
pilot study (Furrie et al., 2005). There is also hope that synbiotic therapy
could be beneficial in colon cancer patients. In particular, this has been
evaluated within the EU-funded project SYNCAN (http://www.syncan.be)
in which a synbiotic was developed and ultimately tested in a large, ran-
domized, double-blind, placebo-controlled, cross-over study with 80 poly-
pectomized or colon cancer patients. The synbiotic was previously tested
in rats and was more efficient than the prebiotic or probiotic alone to
reduce the number of aberrant crypt foci, an index of colon cancer.71 In
polypectomized or colon cancer patients, the synbiotic favorably altered bio-
markers of colon cancer and increased bifidobacteria but had only minor
stimulatory effects on the systemic immune system.72,78,79 Synbiotics tar-
geted at elderly and healthy adults have been developed and evaluated
in large, randomized, double-blind, placebo-controlled, cross-over studies
in other EU projects such as CROWNALIFE (http://www.crownalife.be) or
EUMICROFUNCTION (http://www.eumicrofunction.be). Results from both
trials showed an increase in bifidobacteria and beneficial effects upon selected
markers of health (http://www.crownalife.be/html/latestresultsframeset.
html and http://www.eumicrofunction.be/site/latest_frameset.html.

Anti-Adhesive Oligosaccharides

Antiadhesive components are another potential strategy to reduce gut infec-
tion and the components can come from a variety of sources including
plants, food, and human milk.80 They potentially offer several advantages
over conventional medical treatments as they are considered safer than a
chemotherapeutic approach because they have little, if any, side effects and
do not contribute to increasing antibiotic resistance amongst gut pathogens.
They also do not disrupt the gut microflora which could be a benefit for
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neonates. Moreover they are not bacteriolytic; therefore bacterial resistance
via modified bacterial surface lectins is likely to be low.81 A recent study
has illustrated that cranberry juice can reduce the incidence of uropathogenic
E. coli urinary tract infections in women.82

Adhesion of pathogens can be challenged by two main strategies namely
receptor and adhesin analogs which involves competition of antiadhesive
agents with bacterial lectins.83 Receptor analogs are usually (carbohydrate)
molecules which can bind to the bacterial adhesin (lectin) receptor and hence
prevent the bacteria from adhering to the host cells; this therefore aborts
the subsequent infection process.80 The second approach is adhesin ana-
logs where the adhesin (or a synthetic or recombinant fragment) binds to
the host cell surface receptor competitively blocking the bacterial pathogen.
The stronger the association between the bacteria and the antiadhesive, the
smaller the chance of infection resulting. Several factors can affect this process
including the structure and concentration of the antiadhesive. Since the asso-
ciation between bacterial lectins and antiinfective carbohydrates is quite low,
millimolar concentrations are generally required to inhibit adhesion.80,84 The
affinity can also be increased in different ways. For example, covalent attach-
ment of ahydrophobic residue to a saccharide increased the inhibitory activity
of hydrophobic alpha mannosides 500–1000 fold, when compared to methyl
alpha mannopyranoside, as assessed by type 1 fimbriated E. coli binding to
yeasts or rabbit ileal epithelial cells.85,86 Soluble forms of human cell surface
oligosaccharides are attractive antiadhesive agents as they are likely to be
onlyweakly immunogenic or toxic and can sometimes bemade synthetically.
They can be used in mono or multivalent forms and can also be bound to
surfaces.87 Another useful class of compounds with wide-ranging applica-
tions are dendrimers. These are well-defined macromolecular structures that
can be synthesized from carbohydrates and amino acids. They are also easily
derivatized, and their size and physicochemical properties represent bio-
molecules, for example proteins.88 Dendrimers can have an apolar interior
that allows the incorporation of organic molecules in polar solvents, which is
useful for drug delivery. They are ideal for presenting synthetic or semisyn-
thetic residues in a multivalent orientation.88 Dendrimers have reactive end
groups round the peripheries to which bioactive saccharides can be attached;
these are termed glycodendrimers.89 Novel glycodendrimers (clustered car-
bohydrates) havebeen found tobeuseful in the studyof carbohydratebinding
proteins.90 A wide range of potential applications has been found so far
including treatment of cancers, metabolic disorders, and pathogen infec-
tion processes.91 An increased knowledge of carbohydrate biology (receptors,
antibodies, and enzymes) has helped a more targeted design and synthesis
approach leading to wider applications of glycodendrimers.90 Linking mul-
tiple copies of inhibitors onto a suitable substrate such as neoglycoproteins
or dendrimers creates a multivalent inhibitor and these have been shown to
be more effective inhibitors of cell–pathogen and cell–cell interactions than
monovalent analogs.81,92
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Host–Probiotic: Specific Interactions

Immunity Enhancement

Theabilityof themicrofloraandspecificallyprobiotics tomediategut immune
function is an important and contemporary issue. Inflammatory and allergic
conditions are major problems to world health. They are thought to arise
from a combination of factors including genetics, immunological disturb-
ance, for example, allergens and antigens. Allergic diseases such as asthma,
atopic eczema, allergies, allergic rhinitis, coupled with inflammatory bowel
disorders such as Crohn’s disease, chronic inflammatory bowel disease (IBD),
and UC have all been linked to impaired gut-barrier dysfunction.93 In infec-
tious and inflammatory conditions the microecology is imbalanced, which
can mean that the immune response is focused in the wrong direction,
that is, to self, which would result in an inflammatory response. The best
clinically documented effects of probiotics have been in treatment of acute
diarrhoea but they have been also documented for immune-linked responses,
for example in gut mucosal normalization and down-regulation of hyper-
sensitivity reactions.39 Studies have shown that the effects of probiotics can
be different according to health status. In healthy people it was shown that
L. acidophilus strain La1 and L. rhamnosus strain GG can stimulate phagocyt-
osis yet in allergic patients they can have a down-regulatory effect.94,95 In
animal models, age-related decreased cytokine production has been shown
to be reversed with probiotic supplementation.96 Recent studies have shown
also the ability of probiotics to modulate the immune system in the elderly,
including activation of natural killer cells.97−99

Probiotics have been shown to boost host immune status via stimulation
of specific and nonspecific immune pathways. This can involve modification
and regulation of humoral, cellular, andnonspecific immunity.39,100−103 Some
reportedpositive in vivo effects of probiotics include amplifiedmucusproduc-
tion, macrophage activation by lactobacilli signaling, stimulation of secretory
IgA (therefore increased production), decreased proinflammatory cytokine
production, and increased peripheral immunoglobulin production.104−108
Probiotics have also been shown tomodulate dendritic cell surface phenotype
and cytokine release.109

Stimulation of both humoral and nonhumoral immunitywould be ideal for
a probiotic as itwould enhance the elimination of the pathogen by nonspecific
response yet would retain an immunological memory. This would activate a
quicker and more powerful response if the antigen were met in the future.
It is unclear currently whether these effects are specific to healthy people or
to those with disease and whether the effects are systemic or localized, as
administration would be via the oral route generally yet the effects can also
be systemic. In addition, dosage, host immune status, and strain specificity
could have impact on the immunomodulatory activity. Therefore there is a
need for further research to clarify these areas.
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Interaction with Mucus Layer

The presence of probiotics on the mucus layer of the gut has been shown to
have several possible effects. Some bacteria can degrade mucus, adhere to
it, or even cause an increased synthesis of it.110,111 A recent study has shown
that the presence of L. plantarum 299v increased the expression ofmucin genes
(MUC-2 andMUC-3)when incubatedwithHT-29 cells. It has also been shown
that L. rhamnosusGG caused an up-regulation inMUC-2mRNA transcription
and protein production.112 It is considered that mucus is an innate defense
characteristic asmicroorganisms canbe trapped in it andultimatelydestroyed
by other immune effector cells.

Probiotics and the Healthy

Probiotics are marketed toward healthy people as a preventive approach
for good gut health; however, there are relatively few clinical studies
that have looked at this effect.95,113,114 This is an interesting scenario as
healthy people are the biggest market for probiotics. Even if probiotics
were proven to have measurable effects on specific disease states the pro-
portion of people in the total population suffering from those conditions
would represent a small amount. Therefore, it is important to validate
their use in healthy persons; otherwise this again leads to questions over
efficacy. In addition, what parameters to use in healthy people is another
issue, as measurement of improved health in an already healthy subject
is ambiguous.

Systemic Effects of Probiotics

The ability of some probiotics to modulate the immune system has led to the
idea that they could be used to modulate infections or processes outside the
gut. The level of nasal pathogens in volunteers (n = 209) who received a pro-
biotic drink containing Lactobacillus GG (ATCC 53103), Bifidobacterium spp.
B420, Lactobacillus acidophilus 145, and Streptococcus thermophiluswas signific-
antly less (p< .001) than the control group.115 It is possible that B lymphocytes
stimulated in the GALT could migrate to the upper respiratory tract and lead
to an increased IgAsecretion thereby clearing thenasal pathogensmore effect-
ively. Long-term studies have also been performed comparing the incidence
of respiratory tract infections in children receiving Lactobacillus GG. Number
of days of absence due to respiratory and gastrointestinal symptoms were
assessed. Infants consuming theprobioticwere found tohave lower incidence
of respiratory and gastrointestinal infections as compared to control group.116

The concept of probiotics being able to influence processes both within and
outside the gut is interesting; there seems to be increasing evidence of this
activity.
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Inflammatory Conditions

Inflammatory bowel disease is a term for conditions, which are incurable,
immune mediated with unknown aetiology that results in chronic intestinal
inflammation. IBD encompasses UC, Crohn’s disease, and pouchitis, which
are inflammatory conditions affecting either the large intestine, the GI tract,
or the ileal reservoir respectively.117 A recent estimate of IBD sufferers was
put at 3.6 million in Europe and the UK alone.118 Various mechanisms have
been proposed; with environmental and genetic host factors suggested as
important mediatory factors, including loss of tolerance to self-microflora by
the mucosal immune system. Studies have been conducted using probiotics
for the whole spectrum of inflammatory disorders. It has been suggested that
bacteria, which are entero-invasive, can proliferate in these conditions; they
may not necessarily exclusively cause inflammation but could at least con-
tribute toward it. Probiotics can enhance barrier function, stimulate specific
and nonspecific immune responses in the host, and therefore could the-
oretically decrease the adherence of pathogens (and consequent invasion),
which would alleviate potential inflammatory responses.43 Studies in exper-
imentally induced animal colitis models have shown beneficial effects of
probiotics in terms of reduction of intestinal inflammation and decreased
permeability.119,120

Pouchitis

Pouchitis is an inflammation of the ileal pouch reservoir that is created during
gut surgery. Cocktails of probiotics have been used and found to be effect-
ive in maintenance of remission. For example, VSL#3 (containing L. casei,
L. plantarum, L. acidophilus, L. delbrueckii subsp. bulgaricus, B. longum, B. breve,
B. infantis, and S. salivarius subsp. thermophilus) was given to 20 patients
with pouchitis. All of the 20 patients receiving the preparation remained in
remission whereas only 3 of the 20 in the placebo group did so.121

Ulcerative Colitis

Recent studies have compared the relapse rates of UC sufferers with two
different treatments in a double-blind double trial where patients received
eithermesalazine (3×500mg/day) or E. coliNissle 1917 strain (200mg/day).
The relapse rates were very similar as were tolerance and safety of both
groups. This suggests the efficacy of probiotic treatment compared to a
standard chemotherapy regime in maintaining remission rates.122,123 Two
other studies used a combination of probiotics with regular UC therapy
(B. breve, B. bifidum, and L. acidophilus). The duration of one study lasted a
year, and the second 3 months. The first study found that patients success-
fully stayed in remission during the study.124 The second study showed that
the probiotics could have beneficial effects during periods of active UC.125
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Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is the most common gastroenterological com-
plaint at this time affecting 11–14% of the North American population.126,127

IBS seems to be a complex disease with an unknown aetiology. There are
various hypotheses as to what causes IBS (genetic and stress factors).128

Symptoms of IBS can range from mild discomfort to acute dysfunction.
A characteristic symptom seems to be increased gas production, which is
thought to be related to an “imbalanced”microflora. This has been supported
by microbiological analyses of fecal material from IBS sufferers who showed
lower bifidobacteria and lactobacilli levels and higher than average levels of
Clostridium spp. Various studies have been conducted, which look at easing
symptoms or preventing reoccurrence of symptoms.129−131 There have been
mixed results regarding treatment efficacy; however, different regimes (probi-
otic species, administration period, sample size, and dosages) have been used
making comparison difficult. One recent study found no beneficial effect of
Lactobacillus GG on IBS symptoms in infants when compared to control.132

The microbiota is involved in a wide range of processes essential to the
human host ranging from digestion and recovery of energy to development
of the innate defenses. Developments in molecular techniques and compar-
ative genomics will hopefully prove to be useful tools for the comparison
of gene sets between probiotics, commensals, and pathogens. Perhaps this
will allow a correlation between activity and genetics therefore leading to
an understanding of specific bacterial roles, for example, probiotic proper-
ties or specific clinical applications.133 The association with the gut mucosa is
thought to be an important factor in probiotic functionality, therefore the abil-
ity of genetically engineered organisms to produce and or deliver cytokines
(or other important molecular information to the gut mucosa represents new
potential applications).134 For example, some probiotic strains have recog-
nized immunogenicity and persistence therefore represent potentially useful
vehicles for vaccine delivery.133 Suggestions for future applications of pro-
biotics include control of inflammatory diseases, treatment and prevention
of allergies, colon cancer prevention, immune stimulation, and reduction of
respiratory disease.135 Even if probiotics are found to be safe and efficacious,
the long-term effects of permanent change to the colonic microflora are not
well known; therefore they would need to be carefully observed.
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Concept, Definition, and Criteria

In 1995, Gibson and Roberfroid defined a prebiotic as a “nondigestible food
ingredient that beneficially affects the host by selectively stimulating the
growth and/or activity of one or a limited number of bacteria in the colon, and
thus improves host health.” This definition only considers microbial changes
in the human colonic ecosystem. Later, it was considered timely to extrapolate
this into other areas that may benefit from a selective targeting of particular
microorganisms and to propose a refined definition of a prebiotic as (Gibson
et al. 2004):

a selectively fermented ingredient that allows specific changes, both in the
composition and/or activity in the gastrointestinal microflora that confers
benefits.

These definitions have attracted, and still continue to attract, a great deal of
interest in the field of nutrition both in scientific research and in food applica-
tions. Consequently and over the years, prebiotic activity has been attributed
to many food components, particularly oligosaccharides and polysaccharides
(including some dietary fibers), but sometimes without due consideration
to the criteria required. In particular it must be stressed that not all dietary
nondigestible carbohydrates and certainly not all dietary fibers are prebiotics.

In a handbook of prebiotics, there is, therefore and more than anywhere
else, a need to establish clear criteria for classifying a food ingredient as a
prebiotic. Indeed, such classification requires a scientific demonstration that
the ingredient:

• Resists gastric acidity
• Is not hydrolyzed by mammalian enzymes
• Is not absorbed in the upper gastrointestinal tract
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TABLE 3.1

Criteria for Classification of a Food Ingredient as Prebiotic

• Resistance to digestive processes in the upper part of the GI tract
• Fermentation by intestinal microbiota
• Selective stimulation of growth and/or activity of a limited

number of the health-promoting bacteria in that microbiota

• Is fermented by the intestinal microflora
• Selectively stimulates the growth and/or activity of intestinal bac-

teria potentially associated with health and well-being

These requirements have been classified as the three prebiotic criteria
(Table 3.1) (Gibson and Roberfroid 1995).

As with any functional food or ingredient and according to the European
Consensus on Scientific Concepts of Functional Foods in Europe (Diplock
et al. 1999), the final demonstration of these prebiotic attributes should include
in vivonutritional feeding trials in the targeted species (i.e., humans, livestock,
or companion animals) using validated methodologies that are supported by
sound science.

Although each of these criteria is important, demonstrating selectivity in
the stimulation of growth and/or activity of bacteria remains the most con-
tentious and difficult to fulfil. Indeed, it requires reliable and quantitative
microbiological analysis of a wide variety of bacterial genera, for example,
total aerobes/anaerobes, bacteroides, bifidobacteria, clostridia, enterobac-
teria, eubacteria, lactobacilli after anaerobic sampling of suitable biological
materials, most usually feces, but sometimes also biopsies of colonic mater-
ials. As it does not take bacterial interactions into account, simply reporting
in vitro fermentation in cultures of single microbial strains or even an increase
in vitro in a limited number of bacterial genera in complex mixtures of bacteria
(e.g., fecal slurries) is not proof of a prebiotic effect.

Regarding the stimulation of bacterial activity, patterns of production of
organic acids, gases, and enzymes have been used as biomarkers of specific
bacterial genera. However, these have not yet been validated and changes
should be interpreted with caution.

Moreover, it is also important that the rationale behind a claimed preb-
iotic effect is elucidated through mechanistic explanations of effect. In this
context, several bacterial genes specific for the metabolism of oligosacchar-
ides have recently been identified. In particular, this is the case for a gene, in
bifidobacteria, that codes for an enzyme that specifically hydrolyzes inulin-
type fructans, thus explaining the selectivity in the action of these prebiotics
(Schell et al. 2002). In light of the three criteria and the above considerations,
the present chapter aims to review and discuss methodologies to scientific-
ally demonstrate a prebiotic effect as well as evaluate evidence available for
proving the prebiotic nature of candidate food ingredients (hitherto these are
all carbohydrates).
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Testing Methodologies

By referring to the criteria just described, a scheme has been proposed for
the evaluation of a candidate prebiotic (Gibson et al. 1999). However, if good
quality and biologically meaningful data are to be collected on different pre-
biotics, such an evaluation requires standardized testing methodologies that
remain essential if we are to have confidence in any health claims on prebiotic
functional foods.

Resistance to Digestive Processes in the Upper Part of the GI Tract

Resistance to digestive processes includes prebiotic resistance to gastric acid-
ity, hydrolysis by mammalian enzymes, and gastrointestinal absorption. Both
in vitro and in vivo methods are available to demonstrate this resistance in the
candidate prebiotic.

In Vitro Methods

In vitromethods are applied to demonstrate resistance to acidic (i.e., those con-
ditions which occur in the stomach) and enzymatic hydrolysis (i.e., saliva,
pancreatic, and small intestinal enzymes; Oku et al. 1984; Ziesenitz and
Siebert 1987; Nilsson and Bjorck 1988; Molis et al. 1996). With such methods
and after an appropriate incubation, products of hydrolysis are quantified
using standard chemical, physicochemical, or enzymatic methods (Dahlqvist
and Nilsson 1984).

In Vivo Models

Resistance to any endogenous digestive process can be shown in experimental
animals by measuring the fecal recovery of an oral dose given in germ-free
conditions or after suppression of the intestinal flora by antibiotic pretreat-
ment (Nilsson et al. 1988). Other, more invasive methods involve intubation
into the gastrointestinal system of living anaesthetized rats (Nilsson et al.
1988).

In human volunteers, direct or indirect approaches are applicable following
oral administration of the candidate prebiotic. Models that involve the direct
recovery of nondigested molecules include oral intubation and distal ileum
fluid sampling (Molis et al. 1996) or use proctocolectomized individuals, the
so-called ileostomy patients (Bach Knudsen and Hessov 1995; Ellegard et al.
1997), a widely accepted alternative to study the small intestinal excretion of
nutrients (Langkilde et al. 1990; Cummings and Englyst 1991). The intubation
technique, with a nonabsorbable marker is also used to quantitatively assess
ileal flow (Phillips and Giller 1973; Levitt and Bond 1977).

For indirect assessment of resistance to any endogenous digestive process,
measurement of changes, as a function of time, in blood/serum concentration
of either products of hydrolysis (e.g., glucose or fructose) or insulin as a
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marker of glucose absorption can be used. However, if the candidate prebiotic
is not composed of glucose or eventually fructose, such tests are not always
applicable.

Fermentation: Testing for Prebiotic Fermentation by Intestinal Microbiota

In Vitro Methods

Batch and continuous culture fermentation systems are the most commonly
used in vitro models to study anaerobic fermentation of carbohydrates both
by pure selected species of bacteria or by mixed bacterial populations such
as fecal microbiota. In such methodologies, disappearance of the candid-
ate prebiotic is quantified as a function of time using standard chemical,
physicochemical, or enzymatic methods. Batch culture fermenters are inocu-
lated with either pure culture(s) of selected species of bacteria or with
a fecal slurry and the candidate prebiotic to be studied. Multichamber
continuous culture systems have been developed to reproduce physical, ana-
tomical, and nutritional characteristics of gastrointestinal regions (Macfarlane
et al. 1998; Gmeiner et al. 2000). These models, that are most exclus-
ively used to study fermentation by mixed bacterial populations as in
fecal slurry, are useful for predicting both the extent and site of prebiotic
fermentation.

In Vivo Methods

In vivo fermentation of nondigestible carbohydrates can be studied in laborat-
ory and companion animals, livestock, and humans. The heteroxenic animal
harboring a human fecal flora is a particularly interesting model by which
to study carbohydrate fermentation in experimental animals. In these anim-
als, often rats, the candidate prebiotic is added to food or drinking water but
can also be administered by gastric intubation. Animals are then anaesthet-
ized and sacrificed at predetermined time intervals to collect contents of the
gastrointestinal segments and/or fecal samples for analysis of fermentation
products like gases and short chain fatty acids such as acetate, propionate,
butyrate, lactate.

To study the fermentation in humans, previously given a single oral dose of
the candidate prebiotics, two major approaches are used: an indirect approach
that collects breath gas, at regular time intervals, to measure the concentration
of gases, essentially hydrogen, a common end product of anaerobic fermenta-
tion (Christl et al. 1992), and a direct approach that consists of collecting feces
and measuring recovery of the tested food ingredient.

Selective Stimulation of Growth of Intestinal Bacteria

Much of the early (and still some of the current) literature describes stud-
ies performed on pure cultures with the aim to show that selected bacterial
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species or strain(s) ferment the candidate prebiotic with the tentative con-
clusion that such fermentation is “selective.” Typically this involves the
selection of a range of strains of Bifidobacterium spp., Lactobacillus spp., and
other gut bacteria such as Bacteroides spp., Clostridium spp., Eubacterium spp.,
and Escherichia coli and incubating them in the presence of the food ingredi-
ent under investigation. The number of strains tested varies with different
reports. The problem with this approach is, of course, that the species/strains
selected cannot truly be considered as representative of the colonic microbi-
ota. This is further compounded in some studies as authors have used a wide
range of strains of bifidobacteria and lactobacilli but only one or two species
and/or strains of the “undesirable” species. Such studies cannot establish that
the test carbohydrate is selectively fermented and should be used for initial
screening purposes only.

As the field of prebiotics has developed, so has the methodology for invest-
igating functionality, in particular, flora compositional changes as a response
to the selective fermentation. In this context, a more meaningful in vitro
method for studying potential prebiotic oligosaccharides is the use of fecal
inocula that ensures that a representative range of bacterial species is exposed
to the test material. Study of the changes in populations of selected genera or
species can then establish whether or not the fermentation is selective. The
use of feces probably gives an accurate representation of events in the distal
colon. However, both the composition and activities of the microbiota indi-
genous to the colon is variable, dependent upon the region being sampled. In
particular, bacterial populations in more proximal areas will have a more sac-
charolytic nature compared to those in median or distal areas. This has been
confirmed through studies on sudden death victims, where the colon contents
of the different segments were sampled shortly following death (Macfarlane
et al. 1992, 1998). The complex in vitro gut models, which replicate different
anatomical areas, attempt to overcome this and should be used in concert
with human trials.

Identification of Changes in Composition of the Microbiota

Major problems with the use of fecal inocula or any kind of mixed population
of microorganisms include identification of the groups/genera and species
present as well as quantitative assessment of changes in microflora compos-
ition. Traditionally, this has been accomplished by culturing on a range of
purportedly selective agars followed by morphological and biochemical tests
designed to confirm culture identity and finally counting of the colonies (Van
Houte and Gibbons 1966; Finegold et al. 1974). This approach is adequate
to establish that a prebiotic selectively enriches defined “desirable” organ-
isms and depletes “undesirable” organisms but does not give a true picture
of the population changes occurring. This is unavoidable as it is estimated
that, using selective culture, only about 50–60% of the diversity present in
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the human colon have yet been characterized (Suau et al. 1999; Marteau et al.
2001).

A much more reliable approach involves the use of molecular based meth-
ods of bacterial identification. These have advantages over culture-based
technologies in that they have improved reliability and can encompass the
full flora diversity including phyla, groups/genera or species that, up to now,
have not been cultured. Using such methods, bacterial enumeration can be
carried out in a rapid, culture-independent and reliable manner. The most fre-
quently used molecular procedures are based on the observation that bacterial
ribosomes offer a unique tool to identify and quantify bacteria at a molecu-
lar level. Indeed, the genes that code for the 16S subunits of the bacterial
ribosomes (16S rRNA) are comprised of both conserved and variable regions,
and sequencing of that particular gene enables bacterial identifications to be
made. These methods remove the ambiguity that is a prominent feature of tra-
ditional selective agars. Additionally, they provide means by which hitherto
bacterial species of the gut that cannot be cultured in vitro may be invest-
igated. Indeed these are culture-independent techniques that do not require
prior, often anaerobic, growth of a microorganism with laboratory media
(Liesack and Stackebrandt 1992). The most frequently used methodologies
for evaluating bacterial populations in feces are given below and Table 3.2
summarizes them, along with some of their advantages and disadvantages.

Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) involves the use of group (and in
some cases species) specific oligonucleotide probes that target discrete dis-
criminatory, highly conserved regions of the rRNA molecule allowing specific
groups of bacteria to be distinguished from others in a mixed culture. A vari-
ety of phylogenetic probes are currently available for the enumeration of fecal
bacteria, while more are being designed and validated (Wang et al. 2002a,b).
Groups targeted include Bacteroides spp. (Manz et al. 1996), Bifidobacterium
spp. (Langendijk et al. 1995), Lactobacillus/Enterococcus spp. (Harmsen et al.
1999), Eubacterium (Franks et al. 1998), Clostridium (Tuohy et al. 2001), and
Ruminococcus (Zoetendal et al. 2002).

Polymerase Chain Reaction

By using a process known as polymerase chain reaction (PCR) segments
of rRNA genes can be amplified to a level whereby their sequence can be
subsequently determined (Steffan and Atlas 1991). Community profiling
techniques based on PCR, such as denaturing gradient gel electrophoresis
(DGGE), may be applied to fecal samples to examine the predominant com-
ponents (see below). In addition to PCR-cloning and PCR-DGGE community
profiling assays, standard PCR techniques have been used to determine the
presence or absence of and/or activity of particular bacterial groups (Sharkey
et al. 2004).
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TABLE 3.2
Summary Presentation of Current Methodologies Applicable to Enumerate Bacteria
in Fecal Microbiota

Method Advantages Disadvantages

Selective culturing and
biochemical
characteristics

• Straight forward
• Relatively inexpensive
• Possibility to carry out a

large number of replicates
• Possibility of error due to

metabolic plasticity of
organisms

• Operator subjectivity
• Applicable only to

culturable bacteria
• Ambiguity of selectivity of

media

FISH
Fluorescence in situ

hybridization

• Applicable on unculturable
as well as culturable bacteria
• Highly specific

• Probe available for known
bacteria only
•More time consuming than

culture procedures

PCR • High fidelity • Expensive
Polymerase chain

reaction
• Reliability
• Allows placement of

previously unidentified
bacteria
• Applicable to unculturable

bacteria

• Time consuming
• Possibility of bias

Direct community
analysis

• Culture-independent
• Possibility to elucidate

diversity of entire samples

• Some loss of bacterial
diversity due to the bias
introduced by PCR
• Qualitative rather than

quantitative
D/TGGE Denaturing/

temperature gradient
gel electrophoresis

• Rapidity
• Applicable to both

culturable and unculturable
bacteria

• Some loss of bacterial
diversity due to the bias
introduced by PCR

Direct Community Analysis

This process characterizes the 16S rRNA diversity of the sample of interest.
The total bacterial DNA is extracted from the sample and partial 16S rDNA
genes are amplified via PCR (using universal primers) (Suau et al. 1999). The
purified amplification products are subsequently cloned into Escherichia coli,
and clones containing the 16S rDNA inserts are sequenced and identified by
comparison to database 16S rDNA sequences.

Denaturing/Temperature Gradient Gel Electrophoresis (DGGE or TGGE)

These approaches separate amplified DNA fragments of the same size based
on the extent of the sequence divergence between different PCR products
(Muyzer and Smalla 1998). A whole community PCR is carried out and
partial 16S rDNA sequences amplified from the different bacterial species
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present. Separation occurs due to the decreased electrophoretic mobility of
the partially melted double-stranded DNA molecule in polyacrylamide gels
containing either a temperature or chemical denaturant gradient (Muyzer
and Smalla 1998). Identification can be carried out either by excising frag-
ments from the gel and sequencing them, or by comparing their motility with
that of known control sequences. As with FISH, both culturable and uncul-
turable populations can be characterized and this relatively rapid technique
also offers the potential of monitoring gut flora over time (Zoetendal et al.
1998).

Review of Candidate Prebiotics

For each candidate a brief description of the chemistry and manufacturing
process is given followed by a review of data available to fulfill the three
criteria for prebiotic classification described above, that is

1. Resistance to digestive processes in the upper part of the GI tract
2. Fermentation by intestinal microbiota
3. Selective stimulation of growth and/or activity of a limited number

of the health-promoting bacteria in that microbiota

Inulin-Type Fructans

Chemistry, Nomenclature, and Manufacture

Inulin-type fructans are linear fructans in which the fructosyl–fructose link-
ages are all β-(1←2) and the linear chain is either a α-d-glucopyranosyl-[-β-d-
fructofuranosyl]n−1-β-d-fructofuranoside (GpyFn) or a β-d-fructopyranosyl-
[β-d-fructofuranosyl]n−1-β-d-fructofuranoside (FpyFn). When present, the
fructosyl–glucose linkage is always β-(2<−>1) as in sucrose.

The most common inulin-type fructan presently produced and used by
the food industry) is chicory inulin. It is a mixture of oligo- and polymers in
which the DP (degree of polymerization that defines the number of fructosyl
monomers) varies from 2 to approximately 60 units with an average value
(DPav) = 12. About 10% of the fructan chains in native chicory inulin have a
DP ranging between 2 (F2) and 5 (GF4). The partial enzymatic hydrolysis of
inulin using an endoinulinase (EC 3.2.1.7) produces oligofructose, which is a
mixture of both GpyFn and FpyFn molecules, with the DP varying from 2 to
7 and a DPav = 4. Oligofructose can also be obtained by enzymatic synthesis
(transfructosylation) using the fungal (Aspergillus niger) β-fructosidase (EC
3.2.1.7). In this synthetic compound, all oligomers are of GpyFn-type, the DP
varies from 2 to 4 and DPav = 3.6. By applying specific separation technolo-
gies the food industry also produces a long chain inulin known as inulin HP
(DP 10 to 60 and DPav = 25). Finally, by mixing oligofructose and long chain
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inulin, specific products known as Synergy® have also developed. The dif-
ferent industrial products, derived from chicory inulin, vary in DPav, DPmax,
and DP distribution and they have miscellaneous technological but rather
common biological properties (Franck 2002).

Inulin-type fructans and inulin are generic terms that cover all β-(1←2) lin-
ear fructan molecules. In any circumstances that justify identification of the
oligomers versus polymers, the terms oligofructose and/or inulin can be used
respectively. Even though the inulin hydrolysate and the synthetic compound
(usually identified as fructooligosaccharide, FOS, or short chain fructooli-
gosaccharide, scFOS) have a slightly different DPav (4 and 3.6 respectively),
the term oligofructose must be used to identify both. Indeed, oligofructose
and FOS are considered to be synonyms for the mixture of small inulin oli-
gomers with DPmax < 10 (Quemener 1994; Roberfroid et al. 1998; Coussement
1999; Roberfroid 2002).

Inulin-Type Fructans and Criteria for Classification as Prebiotic

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
The resistance of inulin-type fructans to digestive processes has been extens-
ively studied and demonstrated by applying all the methods (both in vitro and
in vivo) described the section on Testing Methodologies. Inulin-type fructans
are nondigestible oligosaccharides that, moreover and for nutritional labeling,
classify as dietary fiber (Roberfroid 1993).

Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria
Numerous in vitro studies, summarized in Table 3.3, support the selective
stimulation of bacterial growth by inulin. This has been carried out in defined
pure culture fermentation and using a mixed fecal inoculum in both batch
and continuous culture (Wang and Gibson 1993; Gibson and Wang 1994a;
Roberfroid et al. 1998).

As well as in vitrowork, in vivo studies have also demonstrated that in germ-
free rats associated with a human fecal flora, feeding oligofructose, inulin, or
a mixture of both, selectively stimulated the growth of bifidobacteria as well
as lactobacilli while reducing the number of clostridia. Such treatments also
increased the relative proportion of butyrate indicating a change in bacterial
activity (Levrat et al. 1991; Campbell et al. 1997; Kleessen et al. 2001; Poulsen
et al. 2002).

Human trials to demonstrate a prebiotic effect of oligofructose and inulin
include those with a controlled diet, and cross-over feeding trials although
the dose, substrate, duration, and age of volunteers vary (Mitsouka et al. 1987;
Gibson et al. 1995; Buddington et al. 1996; Bouhnik et al. 1996, 1999; Kleessen
et al. 1997; Kruse et al. 1999; Menne et al. 2000; Rao 2001; Tuohy et al. 2001;
Guigoz et al. 2002; Williams et al. 1994; Harmsen et al. 2002) (Table 3.4).

The efficacy of inulin has also been evaluated with a view to its admin-
istration to formula-fed infants (Coppa et al. 2002). Moro et al. (2002)
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TABLE 3.3
Summary Description of Studies Carried out to Demonstrate the In Vitro Selectiv-
ity of Inulin-Type Fructans in Both Pure Culture, Mixed Batch Culture, and Mixed
Continuous Culture Fermentation

Aims of Study Observations References

Batch culture using fecal
inocula to study fermentation
of inulin-type fructans, starch,
polydextrose, fructose, and
pectin

Bifidobacteria most increased
with inulin-type fructans while
populations of E. coli and
clostridia were maintained at
relatively low levels

Wang and Gibson (1993)

Examining the growth of
bifidobacteria on different
types of oligofructose in pure
culture. Eight species tested as
well as species of clostridia,
bacteroides, enterococci, and
E. coli

Linear oligofructose had more
of a bifidogenic effect than
larger MW molecules and
branched chain varieties.
Bifidobacteria species showed
a preference for inulin-type
fructans compared to glucose

Gibson and Wang (1994b)

Continuous culture
fermentation to study
fermentation of oligofructose

Selective culturing showed
bifidobacteria, and to a lesser
extent lactobacilli, preferred
oligofructose to inulin and
sucrose. Bacteroides could not
grow on oligofructose

Gibson and Wang (1994b)

Species of bifidobacteria
(longum, breve,
pseudocatenulatum, adolescentis)
were tested in pure culture for
their ability to ferment
inulin-type fructans

B. adolescentis was seen to grow
best and was able to
metabolize all types of
inulin-type fructans

Marx et al. (2000)

Batch culture using fecal
inocula to study fermentation
of oligofructose, branched
fructan, levan, maltodextrin

FISH revealed that branched
fructan had the best prebiotic
effect, followed by
oligofructose

Probert and Gibson (2002)

The ability of bifidobacteria and
lactobacilli to grow on MRS
agar containing oligofructose
was investigated.

7/8 bifidobacteria and 12/16
lactobacilli were able to grow
on agar containing
oligofructose

Kaplan andHutkins(2000)

observed an increase in bifidobacteria and lactobacilli in infants who received
formula milk supplemented with a mixture of long chain inulin and galacto-
oligosaccharides, indicating its prospects in infant nutrition.

In these in vivo trials, there were large variations between the subjects
in their microflora compositions and response to the substrates (Hidaka
1986; Williams et al. 1994), particularly between Western and Eastern sub-
jects (Buddington et al. 1996). Another general observation was the decrease
in bifidobacteria once administration of the oligofructose and inulin ceased
(Bouhnik 1994; Gibson et al. 1995; Buddington et al. 1996).

Conclusion: Together the evidence available today both from in vitro and in vivo
experiments support the classification of inulin-type fructans as prebiotic,
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since they fulfil all the three criteria. These compounds are now considered
as the model prebiotics.

Transgalactooligosaccharides

Chemistry and Manufacture of Transgalactooligosaccharides

Enzymatic transglycosylation of lactose produces a mixture of oligosacchar-
ides known as transgalactooligosaccharides (TOS) (Crittenden 1996). The
composition of the mixture depends upon the enzyme used and the reaction
conditions. They generally consist of oligosaccharides from tri- to pentasac-
charide with β(1→6), β(1→3) and β(1→4) linkages (Matsumoto et al. 1993).
This diversity must be borne in mind when considering some of the early
studies on these materials; different studies have almost certainly used oli-
gosaccharide mixtures with different compositions. It is thus essential that
exact composition of the mixture be given in reports of the studies.

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
The data on nondigestibility do not fully match the criteria. However, there
are suggestions that TOS do reach the colon intact (Tomomatsu 1994).

Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria
In an early study (Minami 1983), testing the fermentation of “isogalactobiose”
of unknown linkage, it was reported that one strain of each of B. infantis, B.
longum, B. adolescentis, and L. acidophilus metabolized it, while one strain
each of S. fecalis and E. coli did not. However, in a more extensive study
(Tanaka 1983), it was found that many strains of enteric bacteria could not
metabolize the isogalactobiose. Testing enzymatically synthesized TOS in a
pure culture study, these authors found that all of the bifidobacteria tested, all
of the bacteroides, most lactobacilli and enterobacteria, and some streptococci
fermented the TOS with bifidobacteria displaying the most vigorous growth.

In a study by Rowland and Tanaka (1993) gnotobiotic rats inoculated with
human fecal flora were fed a TOS-containing diet before being sacrificed.
Cecal contents analyzed on selective agars revealed significant increases
in bifidobacteria and lactobacilli and a significant decrease in enterobac-
teria. Bifidobacteria decreased as a percentage of total anaerobes, suggesting
growth of other anaerobic bacteria not enumerated by the selective agars.
These authors also found significant decreases in nitrate reductase and
β-glucuronidase activities as indicative of changes in microflora activity. This
was followed by an in vivo volunteer feeding study that showed signific-
ant increases in fecal bifidobacteria. This study, however, only fed subjects
for one week per dose and there was no reported washout period between
treatments.

More recently, Bouhnik et al. (1997) found a significant increase in fecal
bifidobacteria while populations of enterobacteria did not change following
TOS feeding. Ito et al. (1990) fed TOS to male volunteers and found sig-
nificant increases in fecal bifidobacteria and lactobacilli. Similarly Ito et al.
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(1993) found a significant increase in bifidobacteria and lactobacilli and sig-
nificant decreases in Bacteroides and Candida. They also found significant
decreases in ammonium, cresol, indole, propionate, valerate, isobutyrate,
and isovalerate, but no change in acetate or butyrate.

Adding a mixture of oligosaccharides (90% GOS and 10% long chain inulin)
to infant formula milk has been shown to increase fecal bifidobacteria in
both preterm and term infants (Dubey and Mistry 1996; Knol 2001; Rivero-
Urgell and Santamaria-Orleans 2001; Boehm et al. 2002; Moro et al. 2002;
Vandenplas 2002).
Conclusion: Even though the first criterion for prebiotic classification is not
totally fulfilled, TOS can be classified as prebiotic because of data in human
studies.

Lactulose

Chemistry and Manufacture of Lactulose

Lactulose is manufactured by the isomerization of lactose to generate the
disaccharide galactosyl β-(1→4) fructose. It is widely prescribed as a laxative
(Tamura 1993) but has hitherto not been used for food applications.

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
Investigations of the enzymatic degradation of lactulose have found that
human and calf intestinal β-galactosidases did not degrade lactulose (Gibson
and Angus 2000).

Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria
One of the earliest studies on lactulose fermentation was that of Sahota et al.
(1982) who used 37 species of bacteria in pure culture. They found that Bac-
teroides oralis, Bact. vulgatus, B. bifidum, C. perfringens, Lact. casei sub. casei,
and four other strains of Lactobacillus spp. fermented lactulose. However, the
in vitro data presently available do not demonstrate a selective stimulation of
bacterial growth in mixed populations of microorganisms.

Tomoda (1991) fed yoghurt supplemented with lactulose to healthy volun-
teers and reported a significant increase in fecal bifidobacteria but no total
anaerobic count was performed and no other bacteria were enumerated,
providing no evidence of selective stimulation of growth.

A more microbiologically rigorous study, subsequently performed by
Terada et al. (1993), found a selective and significant increase in fecal
bifidobacteria and decreases in C. perfringens, streptococci, bacteroides,
and lactobacilli. In a parallel group, randomized, double blind, placebo-
controlled trial, Ballongue et al. (1997) provided more evidence that lactulose
significantly increased Bifidobacterium, Lactobacillus, and Streptococcus, con-
comitant with significant decreases in Bacteroides, Clostridium, coliforms,
and Eubacterium. Concentrations of acetate and lactate were increased while
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butyrate, propionate, and valerate concentrations decreased. All of the
bacterial enzyme activities measured were significantly lowered (25–45%).
More recently, using fluorescent in situ hybridization, Tuohy et al. (2002)
have also demonstrated, a statistically significant and selective increase in
bifidobacteria following the feeding of lactulose.

Conclusion: Even though the first criterion for prebiotic classification is not
totally fulfilled, lactulose can be classified as prebiotic because of significant
data in human studies. However, up to now, that compound has not been
used as a food ingredient or as a food supplement.

Isomaltooligosaccharides

Chemistry and Manufacture of Isomaltooligosaccharides

Manufacture of isomaltooligosaccharides (IMO) includes hydrolysis of starch
by the combined action of α-amylase and pullulanase followed by isomer-
ization of the resultant maltooligosaccharides by α-glucosidase (Kohmoto
et al. 1988, 1991) that catalyzes a transfer reaction converting the α(1→4)
linked maltooligosaccharides into α(1→6) linked IMO with different molecu-
lar weights.

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
In rats, Kaneko et al. (1995) have demonstrated that IMO is slowly digested
in the jejunum, that components with a higher DP are less digestible, and that
the hydrogenated derivative of IMO is nondigestible. As such, it can only
enter the colon in variable amounts. No human data are yet available and it
cannot presently be concluded that IMO are nondigestible or only partly so.

Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria
The fermentation properties of IMO have been tested by a combination of
pure culture studies and human volunteer trials.

In a pure culture study, Kohmoto et al. (1988) have tested isomaltose, iso-
maltotriose, panose, and the commercial product Isomalto-9000 and reported
that B. adolescentis, B. longum, B. breve, and B. infantis (not B. bifidum) meta-
bolize the test sugars. Isomaltooligosaccharides were also metabolized by
Bacteroides, Enterococcus fecalis, andClostridium ramnosum but not by a range of
other enteric bacteria. At present, there appears to be no continuous cul-
ture fermentation work carried out with IMO. The in vitro data presently
available do not demonstrate a selective stimulation of bacterial growth.
In vivo, the same authors carried out a volunteer trial that involved feeding
IMO and found a significant increases in bifidobacteria.

The dose response of IMO has been investigated by Kohmoto et al. (1991)
in a volunteer trial involving feeding different doses. This study found a
significant increase in bifidobacteria as determined by culture on agars that
were only purportedly selective.
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Because commercial IMO products contain a mixture of oligosaccharides,
the influence of DP on fermentation, in vivo, has been studied by Kaneko
et al. (1995). However, since these authors only determined the counts of
bifidobacteria and the total microflora and no other bacterial groups, the data
do not hitherto fit the criteria for prebiotic effect.
Conclusion: Some of the evidence for prebiotic status for IMO appears to be
promising but still not sufficient. In conclusion, IMO cannot, presently, be
classified as prebiotics.

Lactosucrose

Chemistry and Manufacture of Lactosucrose

Lactosucrose is produced from a mixture of lactose and sucrose using the
enzyme β-fructofuranosidase (Playne and Crittenden 1996). The fructosyl
residue is transferred from sucrose to the C1-position of the glucose moiety
in the lactose, producing a nonreducing oligosaccharide (Hara et al. 1994).

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
No data are available on this criterion.

Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria
In chronically constipated patients receiving lactosucrose, Kumemura (1992)
found a significant increase in bifidobacteria and a significant decrease in
clostridia. Fecal bacteria were enumerated on agars, although the follow-up
characterization procedures are not clear.

Ohkusa et al. (1995) carried out a volunteer study involving feeding a nor-
mal diet supplemented with lactosucrose. Fecal samples were collected and
plated onto agars. A significant increase in bifidobacteria compared to pretrial
values was seen, together with a significant decrease in bacteroides compared
to samples one week after termination.

Conclusion: The evidence for prebiotic status of lactosucrose is still not suffi-
cient. In conclusion, lactosucrose cannot, at present, be classified as prebiotic.

Xylooligosaccharides

Chemistry and Manufacture of Xylooligosaccharides

Xylooligosaccharides (XOS) are manufactured by enzymatic hydrolysis of
xylan from corn cobs. The commercial products are predominantly composed
of the disaccharide xylobiose with small amounts of higher oligosaccharides
(Yamada 1993).

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
The parent molecule, xylan, is recognized as a dietary fiber indicating that it
may reach the colon intact. No data were found to support this assumption
however.
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Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria

The most informative studies on XOS are those carried out by Okazaki
et al. (1990). These authors carried out an initial pure culture study involving
a wide range of bacteria. This indicated that XOS were metabolized by the
majority of bifidobacteria and lactobacilli tested but by few other bacteria,
notable exceptions being Bacteroides and Clostridium butyricum. A recent pure
culture study by Jaskari (1998) has shown that XOS from oat spelt xylan was
metabolized by bifidobacteria but also by bacteroides, Clostridiumdifficile, and
E. coli. Lactobacilli did not metabolize the XOS. Although this study appears
to show a lack of selectivity in the fermentation of XOS in contrast to the
studies reported above, studies relying on pure cultures do not represent the
situation in the colon. Crittenden and Playne (2002) suggested that bifidobac-
teria were able to utilize xylooligosaccharides but not xylan. The in vitro data
presently available do not demonstrate a selective stimulation of bacterial
growth.

A study in rats was carried out by Campbell et al. (1997). The authors
examined fecal and cecal bacteria. Although only bifidobacteria, lactobacilli,
total anaerobes, and total aerobes were determined, significant increases in
bifidobacteria occurred.

A volunteer trial involving feeding XOS to healthy men has been carried
out (Okazaki et al. 1990). Bacteria were counted on agars and samples were
analyzed for short-chain fatty acids (SCFA). Significant increases were found
in bifidobacteria and Megasphaera. There was also a significant increase in the
concentration of organic acids in the feces.
Conclusion: The evidence for prebiotic status of XOS is still not sufficient. In
conclusion, therefore, XOS cannot at present be classified as prebiotic.

Soybean Oligosaccharides

Chemistry and Manufacture of Soybean Oligosaccharides

Soybean oligosaccharides (SOS) are α-galactosyl sucrose derivatives (raffin-
ose, stachyose). They are isolated from soybeans and concentrated to form
the commercial product (Crittenden 1996).

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
Raffinose and stachyose have been suggested, but not really demonstrated,
to reach the colon after feeding to humans (Oku 1994).

Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria
The fermentation properties of these oligosaccharides have been studied
either as mixtures of oligosaccharides or as individual components. In an
early study Minami (1983) studied the fermentation of raffinose in pure cul-
tures and found it to be metabolized by bifidobacteria and a range of enteric
organisms whereas L. acidophilus, S. fecalis, and E. coli could not. Hayakawa
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et al. (1990) compared pure raffinose and stachyose with refined SOS. In
a pure culture study, bifidobacteria (with the exception of B. bifidum) and
lactobacilli (with the exception of L. casei) metabolized the test sugars while
a range of other enteric bacteria did not or did so poorly. A pure culture
study by Jaskari (1998) found that Lact. acidophilus, B. infantis, B. bifidum,
B. longum, Bacteroides thetaiotamicron, and Bact. fragilis grew well on raffin-
ose, E. coli grew poorly, while Clostridium difficile did not. The in vitro data
presently available do not demonstrate a selective stimulation of bacterial
growth.

A volunteer trial (Hayakawa et al. 1990) in healthy male adults found a sig-
nificant increase in bifidobacteria with no change in putrefactive compounds.

Conclusion: The evidence for prebiotic status of SOS is still not sufficient. In
conclusion, and mostly because of the unreliable microbial methods, SOS
cannot, at present, be classified as prebiotic.

Glucooligosaccharides

Chemistry and Manufacture of Glucooligosaccharides

Glucooligosaccharides are synthesized by the action of the enzyme dex-
tran sucrase (EC 2.4.1.5) on sucrose in the presence of maltose. The res-
ulting oligosaccharides contain α(1→2) linkages such as the following
tetrasaccharides:

Glucosyl α(1→2)Glucosyl, α(1→6)Glucosyl α(1→4)Glucose.
Gluco-oligosaccharides can also be produced via fermentation in the

presence of Leuconostoc mesenteroides.

Criterion 1: Resistance to gastric acidity, hydrolysis by mammalian enzymes, and
gastrointestinal absorption
These oligosaccharides were not digested in a germ-free rat model system
(Valette 1993).

Criteria 2 and 3: Fermentation by intestinal microflora and selective stimulation of
the growth and/or activity of intestinal bacteria
Branched chain oligomers produced using Leuconostoc mesenteroides B-742
have been shown to be readily utilized by bifidobacteria and lactobacilli in
a pure culture study by Chung and Day (2002) but not by Salmonella spp. or
E. coli.

Djouzi et al. (1995) found that glucooligosaccharides were utilized by
Bifidobacterium breve, B. pseudocatenulatum, B. longum, not by B. bifidum but or
lactobacilli but well by Bacteroides spp. and Clostridium spp. Fed to germ-free
rats inoculated with the artificial mixed culture composed of Bact. thetaiota-
micron, B. breve, and C. butyricum, glucooligosaccharides had no effect on
bacterial populations (Djouzi et al. 1995).

Conclusion: The evidence for prebiotic status of gluco-oligosaccharides is still
not sufficient. In conclusion, gluco-oligosaccharides cannot, at present, be
classified as prebiotic.
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Miscellaneous Carbohydrates

The prebiotic potential of several other compounds has also been investigated.
However, evidence pointing toward any prebiotic effect is too sparse to justify
a detailed review and a classification as prebiotic at the present time. These
compounds include

Germinated barley foodstuffs (Kanauchi et al. 1998a,b,c; Kanauchi
2003)

Oligodextrans (Olano-Martin et al. 2000)
Gluconic acid (Tsukahara et al. 2002)
Gentio-oligosaccharides (Rycroft et al. 2001)
Pectic oligosaccharides (Olano-Martin et al. 2002)
Mannan oligosaccharides (White et al. 2002)
Lactose (Szilagyi 2002)
Glutamine and hemicellulose rich substrate (Bamba et al. 2002)
Resistant starch and its derivatives (Silvi et al. 1999; Lehmann et al.

2002; Wang et al. 2002)
Oligosaccharides from melibiose (Van Laere et al. 1999)
Lactoferrin-derived peptide (Lipke et al. 2002)
N-acetylchitooligosaccharides (Chen et al. 2002)
Polydextrose (Murphy 2001)
Sugar alcohols (Piva et al. 1996)

Prebiotic Responses

Concerning the quantitative aspects of the prebiotic effect two questions have
attracted (too much!) attention (mostly for marketing purposes!):

• Can a dose–effect relationship be established?
• Are the different prebiotics equally effective?

In spite of the large number of studies available, the only data available
today to discuss these issues have been obtained with inulin-type fructans.
As discussed previously (Roberfroid 2005, 2007), these data show that the
daily dose of a prebiotic (i.e., inulin) does not correlate with the absolute
numbers of “new” bacterial cells that have appeared as a consequence of the
prebiotic consumption (r = 0.06 and −0.09 respectively; NS). The daily dose
is thus, by itself, not a determinant of its prebiotic effect, even if, in one group
of volunteers with relatively similar initial counts of fecal bifidobacteria, a
limited dose–effect relationship can be established (Bouhnik et al. 1999). The
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reason is that a key parameter, that is, the initial number of fecal bifidobacteria,
before the administration of the prebiotic, is usually not taken into account. In
the first report of a prebiotic effect and after observing an inverse correlation
between these numbers and their “crude” increases after oligofructose feed-
ing, Hidaka already argued that the initial numbers of bifidobacteria influence
the prebiotic effect (1986). Roberfroid et al. (1998), Rao (2001) and Rycroft et al.
(2001) have reached essentially the same conclusion.

At the population level, it is the fecal flora composition (e.g., the number of
fecal bifidobacteria before the prebiotic treatment), characteristic to each indi-
vidual, that determines the efficacy of a prebiotic and not necessarily the dose
itself. The ingested prebiotic stimulates the whole indigenous population of
bifidobacteria to grow, and the larger that population the larger the number
of new bacterial cells appearing in feces. The “dose argument” (often used as
a marketing argument!) is thus not straightforward and cannot be general-
ized because, as supported by the scientific data, the factors controlling the
prebiotic effect are multiple. The “dose argument” can thus be misleading for
the consumers and should not be allowed. As a consequence, comparing the
effect of prebiotics, especially with the aim to compare potency in terms of
active dose, in different groups of volunteers having different initial numbers
of bacteria can also not be made.

In addition, the biological significance of changes in numbers of bacteria
is limited if these changes are expressed in logarithmic values alone. Indeed
and again, the initial counts of, for example, bifidobacteria determine the
significance of the changes induced by the consumption of the prebiotic. In
absolute numbers (decimal values), even a small logarithmic increase (e.g.,
+ 0.1 log10) can still represent a large increase in bacterial cell population (if
the initial log10 number is 7 or 9, such an increase corresponds to +106 and
+108 respectively or 100x greater in the latter than in the former) and this can
have important consequences in terms of biological activity of the microflora.
Expressing changes in fecal microflora compositions in log values without
reference to the initial number of, for example, bifidobacteria is thus of low,
if any, value.

Future Perspectives and Conclusions

Prebiotics have great potential as agents to improve or maintain a balanced
intestinal microflora to enhance health and well-being. They can be incor-
porated into many foodstuffs. (For more details, see Chapter 22.) There are,
however, several questions that still need to be answered. For example, this
review has based conclusions on prebiotic classification from current evid-
ence. As this continues to accumulate, the picture will become clearer, for
example in classifying certain carbohydrates where evidence is currently
sparse or absent. Moreover, as better information on structure to function
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relationship accrues, as well as on individual metabolic profiles of target
bacteria and identification, isolation, and characterization of all dominant
bacterial groups/genera or species in the colonic microbiota, then it may be
easier to tailor prebiotics into specific health attributes. Much more informa-
tion is needed on the fine structure of the changes brought about by regular
intake of prebiotics. With the new generation of molecular microbiological
techniques now becoming available, it will be possible to gain definitive
information on species rather than genera that are influenced by the test car-
bohydrate. If comparative information is to be gathered on structure–function
relationships in prebiotic oligosaccharides, a rigorous approach to the evalu-
ation of these molecules will be required. Such thorough comparative studies
will allow intelligent choices when incorporating prebiotics into functional
foods and should increase confidence amongst consumers and regulatory
authorities. Similarly, it may be possible to incorporate further biological
functionality into the concept, for example, an increase in beneficial bacteria
while suppressing pathogens at the same time perhaps through antiadhesive
approaches (Gibson 2000).

The current most popular choices for prebiotic use are lactobacilli and
bifidobacteria. This is largely based upon their success in the probiotic
area (Fuller 1997; Majamaa 1997; Flourié 1998; Roberfroid 1998; Gibson
2000; Kazuhiro Hirayama 2000; Capurso 2001; Fooks and Gibson 2002; Tan-
nock 2002). However, as our knowledge of the gut flora diversity improves
(through using the molecular procedures described earlier), then it may
become apparent that other microorganisms could be fortified through their
use. One example may be the eubacteria (Eubacteirum–Clostridium coccoides
cluster) which produce butyric acid, a metabolite seen as beneficial for gut
functionality and potentially protective against bowel cancer (Antalis 1995;
D’Argenio 1996).

The concept currently targets microbial changes at the genus level. Future
developments may elucidate molecules that induce species level effects. This
is because certain species of bifidobacteria/lactobacilli may be more desirable
than others. It is also important for colonic function, to identify molecules
that can be fermented distally—the principal site of chronic gut disorders like
bowel cancer and ulcerative colitis.

At the end of the present chapter aimed at updating the prebiotic defin-
ition and introducing the Handbook of Prebiotics, it must be underlined that
only three carbohydrates, essentially nondigestible oligosaccharides, today
fulfil the criteria for prebiotic classification (Table 3.5). For the other can-
didates, either data are promising but more studies are still required. In
particular, it must be stressed that data regarding the fulfilment of Criterion
1, namely, “resistance to gastric acidity, hydrolysis by mammalian enzymes,
and gastrointestinal absorption” are lacking. Similarly (more) in vitro data in
mixed culture systems and (more) in vivo data, especially, in reliable human
nutrition intervention studies, are required.

The real drive is the nutritional, physiological, and microbial benefits of
prebiotics that have been published so far and are extensively reviewed by
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TABLE 3.5

Summary on the Prebiotic Status of Various Oligosaccharides

Carbohydrate Nondigestibility Fermentation
Selectivity of
Fermentation

Prebiotic
Status

Inulin-type fructans Yes Yes Yes Yes
Transgalacto-
oligosaccharides
(TOS)

Probable ???? Yes Yes

Lactulose Probable ???? Yes Yes
Isomalto-
oligosaccharides
(IMO)

Partly Yes Promising No

Lactosucrose NA NA Promising No
Xylooligosaccharides NA NA Promising No
Soybean oligosacchar-
ides

NA NA NA No

Glucooligosaccharides NA NA NA No

???? preliminary data, but further research is needed.
NA = data not available.

experts in the different chapters of this handbook. Furthermore, the chal-
lenge of the future exploitation of these benefits into authentic health issues
remains.
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Prebiotic Definition

The concept of prebiotics was first introduced in 1995 by Gibson and
Roberfroid as an alternative approach for gut microbiota modulation. One
aspect was that it would overcome survivability issues of probiotics dur-
ing storage and gastrointestinal passage and allow beneficial changes within
indigenous populations. Current prebiotics act at the genus rather than spe-
cies level. Prebiotics were defined “as non digestible dietary ingredients that
beneficially affect the host by selectively stimulating the growth and/or activ-
ity of one or a limited number of bacteria in the colon, thus improving host
health [1].”
Any dietary food ingredient that reaches the human cecum has the

potential of being prebiotic. However, based on the above definition, the
criteria that have to be fulfilled for a dietary ingredient to be characterized as

69
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such are as follows:

• Nondigestibility: It must neither be hydrolyzed by brush border
or pancreatic enzymes nor absorbed in the upper part of the
gastrointestinal tract. The best approach to confirm nondigestibil-
ity of a potential prebiotic is through administration to ileostomy
patients and measuring its recovery at the terminal ileum. How-
ever, in most cases it is impractical to test the plethora of emerging
prebiotics in such a manner. Alternative approaches for obtain-
ing indications on the nondigestibility of a test prebiotic may be:
A detailed description of its chemical structure to predict suscept-
ibility to human enzyme degradation, measurement of its stability
in gastric juice, measurement of its resistance to pancreatic enzymes
and possibly of its resistance to brush border enzymes, although
these are not as satisfactory as the ileostomy model [2].

• Fermentability: It should be fermented by colonic bacteria. Fer-
mentability can be demonstrated in vitro in fecal batch culture
experiments simulating the pH and temperature conditions of selec-
ted regions of the human colon. Substrates that stimulate bacterial
growth can be further evaluated in more complex in vitro continu-
ous culturemodels, set up to simulate the transit of luminal contents
through the proximal, transverse, and distal parts of the colon as
well as the pH and nutrient conditions therein. Promising sub-
strates should be finally tested in double-blind, placebo-controlled,
randomized human studies to confirm any observed in vitro effect.

• Selectivity: The main attribute of a prebiotic is being a selective
substrate for one or a limited number of bacteria commensal to
the colon, which are stimulated to grow and/or are metabolically
activated and consequently be able to alter the colonic microbiota
of the host toward a healthier composition. In order to confirm
selectivity of a prebiotic it is of utmost importance to be able to
accurately monitor the changes in the fecal microbiota during pre-
biotic supplementation both in vitro and in vivo. Although all three
criteria are important for a dietary ingredient to be characterized
as a prebiotic, selectivity is the most important and difficult to
fulfil.

In vitro approaches are important means of screening for prebiotic effic-
acy with large numbers of substrates, and may give valuable information
on the mechanisms behind their functionality. However, their main role
should be to provide supporting evidence only. For any dietary ingredient
to be recognized as a prebiotic there has to be sufficient evidence from well-
controlled in vivo human studies fulfilling all three of the above-mentioned
criteria.
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Several dietary ingredients have been hitherto put forward as potential pre-
biotics; however, adequate scientific evidence fulfilling the above-mentioned
conditions only exists for a select few, namely, inulin and oligofructose, lac-
tulose, and galactooligosaccharides (GOS) [3]. These were overviewed by
Roberfroid in the previous chapter of this book. Here, the experimental
and in vivo evidence further supporting the efficacy of established prebiot-
ics in healthy humans based on the criteria of prebiotic efficacy is reviewed:
focusing on the effect on fecal microflora composition, transit time, and
manifestation of gastrointestinal symptoms.

Established Prebiotics

Inulin and Oligofructose

Inulin and oligofructose are among the major classes of bifidogenic oli-
gosaccharides as far as production volume and prebiotic data is con-
cerned. They are polymers of d-fructose joined by β(2-1) bonds. The linear
chain of inulin is either an α-d-glucopyranosyl-[β-d-fructofuranosyl]n−1-β-
fructofuranoside (GpyFn) or a β-fructopyranosyl-(β-d-fructofuranosyl)n−1-β-
d-fructofuranoside. The fructosyl–glucose linkage is always β(2↔ 1) and the
fructosyl-fructose linkages are β(1←2) [4].
Inulin occurs naturally in a range of plants such as chicory, onion, garlic,

Jerusalem artichoke, tomato, leeks, asparagus, and banana. Commercially
available inulin and oligofructose are mainly produced from chicory, beet
sugar, and on a very small scale from dahlia tubers and agave. Chicory inulin
is composed of a mixture of polymers and monomers with a variable degree
of polymerization (DP),which ranges between 2 and60unitswith the average
DP being 12. Approximately 10%of the fructan chains in native chicory inulin
have a DP between 2 (F2) and 5(GF4) [4].
Fructooligosaccharides (FOS) and oligofructose are considered as syn-

onyms and describe mixtures of oligomers with a maximum DP of 10.
Fructooligosaccharides may be manufactured by two different processes,
each producing slightly different end products. The first method is based
on the transglycosylation of sucrose by the enzyme β-fructofuranosidase
(EC 3.2.1.26) from Aspergillus niger. Glucose, small amounts of fructose, and
unreacted sucrose are by-products of the reaction that can be removed from
the oligosaccharide using chromatographic procedures to produce FOS of
higher purity [5]. The DP of the resulting product ranges from 2 to 4 (aver-
age DP of 3.6) and all the oligomers are exclusively of the GpyFn type. In
the second method, FOS are produced via enzymatic hydrolysis of inulin
using an endoinulinase (EC 3.2.1.7), the product of inulin hydrolysis is a
mixture of both GpyFn and β-fructopyranosyl-[β-d-fructofuranosyl]n−1-β-d-
fructofuranoside molecules with DP ranging between 2 and 7 (average DP
of 4) [6]. The caloric value of inulin and oligofructose ranges between 1.1
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FIGURE 4.1
Production of fructooligosaccharides from sucrose and inulin. (Modified fromRoberfroid, 2002.)

and 1.7 kcal/g [7]. An overview of the production steps of FOS is shown in
Figure 4.1.
Inulin and FOS are resistant to hydrolysis by human digestive enzymes

because of the β configuration of anomeric C2 in the d-fructose residues of the
glycosidic linkages of themolecules [7]. Humandigestive enzymes aremostly
specific for α-glycosidic bonds. Inulin and FOS are never recovered in urine
indicating that they are not absorbed. Evidence on the nondigestibility of
inulin and oligofructose is themost convincing to date from all candidate and
established prebiotics andmainly derived from studies on ileostomy patients
[8–10]. One study on healthy human intestinal aspirates further confirmed
the ileostomate observations. [11] The recovery of inulin in the above studies
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was about 90% of that fed. The 10% loss is likely to be due to fermentation by
bacteria inhabiting distal regions of the small intestine of the subjects.
The fermentability of inulin and FOS by fecal bacteria has been extensively

investigated in several in vitro models. Wang and Gibson [12] determined
in vitro the prebiotic efficacy of inulin and FOS as compared to a range
of reference carbohydrates (starch, polydextrose, fructose, and pectin) in
12 h batch cultures with mixed populations of gut bacteria. Bacterial growth
data showed preferential fermentation by bifidobacteriawhile populations of
Escherichia coli and Clostridium perfringens remained at relatively low levels.
In a later study, they further exhibited the bifidogenic effect of FOS in
single-stage continuous culture systems inoculated with human fecal bac-
teria. Fructooligosaccharides preferentially enriched for bifidobacteria when
compared to inulin and sucrose. The bifidogenic effect and suppression of
bacteroides, clostridia, and coliforms was further enhanced at high substrate
concentrations, low pH, and high dilution rates, conditions that resemble
those in the human proximal colon. Experiments with a three-stage con-
tinuous culture model of the human colon further confirmed the bifidogenic
effect of FOS [13]. Shgir et al. [14] examined the bifidogenic efficacy of FOS
in continuous culture using mixed fecal inocula from four healthy adults at
low pH and high substrate conditions. Although they observed a similar
effect to the earlier study on inulin by Gibson and Wang (1994) when using
microbial culture methods to monitor changes in fecal bacteria, discrepan-
cies occurred when molecular probes targeting 16S rRNA were employed.
After 6 days of fermentation bifidobacteria, which initially ranged between
10% and 20% of the total bacterial population, disappeared and lactobacilli
were enhanced instead. Short chain fatty acid (SCFA) profiles confirmed the
molecular approach observations. However, the use of blended fecal samples
is questionable, as the resulting inoculum does not resemble in composition
anyonehealthy individual and thebalancebetween themembersof fecal flora
is likely to be disturbed in such a way that may alter the response to prebi-
otic challenge. Karppinen et al. [15] compared the fermentability of inulin by
human fecal bacteria to that of rye, wheat, and oat bran in non-pH controlled
batch cultures. Inulin was the most rapidly fermented of the test substrates
giving the highest butyrate production and the largest decrease in pH, but
also the highest and fastest gas production. However, the butyrate generating
capacity, as well as increased gas formation, does not agree with metabolic
profiles exhibited by bifidobacteria whose usual end products are lactate,
acetate, and ethanol. More recent investigations into the cross-feeding rela-
tionshipsbetween colonic bacteria showed that althoughacetate is considered
as a fermentation end product, bacterial groups such as Roseburia spp. and
Faecalibacterium prausnitzii are able to convert acetate to butyrate [16]. This
may explain the often increased butyrate concentrations observed during
inulin fermentation. Two recent studies, investigating the persistence of fruct-
ans of varying DPs in a multichamber continuous culture system, indicated
that higher DP products may persist toward distal regions of the human
colon [17,18].
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Several studies have also examined FOS fermentability by specific bacterial
strains. Hopkins et al. [19] documented the ability of seven Bifidobacterium
isolates to utilize FOS in 48 h batch culture experiments and demonstrated
a preference for lower DP substrates. In a continuous culture study, Kaplan
and Hutkins screened a selection of 28 lactic acid bacteria and bifidobacteria
for their ability to ferment FOS on MRS agar [20]. Twelve of sixteen Lacto-
bacillus strains and seven of eight Bifidobacterium strains tested were able to
ferment the substrates. In a study on utilization of inulin and FOS by 21
Bifidobacterium strains, FOS was fermented bymost test strains but only eight
strains could grow on inulin. Cellular β-fuctofuranosidases were found in all
21 bifidobacteria but only a small number of strains exhibited extracellular
hydrolytic activities. However, in mixed fecal batch cultures a bifidogenic
effect was equally observed with both FOS and inulin, indicating a cross-
feeding relationship on mono and oligosaccharides produced by primary
inulin degrading bacteria [21]. In three recent studies using genome analysis
andmicroarrays, sugar transport systems for FOSwere identified in Bifidobac-
terium longum NCC2705, Lactobacillus acidophilus, and Lactobacillus plantarum
WCFS1 [22–24].
The in vitro evidence on inulin and FOS fermentability and selectivity

towardbifidobacteria and in certain cases lactobacilli is verywell documented
and provides a valuable insight into the mechanisms behind their prebiotic
efficacy. The prebiotic efficacy of inulin and FOS is equally well documented
in a plethora of human studies, using a wide range of daily doses.
Gibson et al. [1] studied the selective stimulation of bifidobacteria by inulin

and FOS in a 45-day study of eight healthy male human subjects. Volun-
teers were fed controlled diets of 15 g/day sucrose for the first 15 days
followed by 15 g/day FOS for a further 15 days. Four volunteers went
on to consume 15 g/day inulin for the final 15 days of the study. Both
FOS and inulin significantly increased fecal bifidobacteria while bacteroides,
clostridia, and fusobacteria all decreased during FOS supplementation and
Gram-positive cocci were reduced during inulin supplementation. Fecal wet
and dry matter, nitrogen, and breath H2 increased during both FOS and
inulin supplementation. In a 2-week study upon the effects of 4 g/day
FOS on 10 healthy adult humans, Williams et al. [25] reported a signific-
ant increase in bifidobacteria levels and an increase in lactobacilli in six
volunteers. In a similar study, Buddington et al. investigated the influence
of FOS supplementation on the fecal flora composition of 12 healthy adult
humans. Subjects were fed a controlled diet for 42 days, which was supple-
mented with 4 g/day FOS between days 7 and 32 [26]. The controlled diet
increased bifidobacterial levels but the highest increase was observed during
FOS supplementation, which was accompanied by significant decreases in
β-glucuronidase and glycocholic acid hydroxylase activities. Bouhnik et al.
[27] studied the effect of a fermented milk product containing Bifidobac-
terium sp. with or without inulin on fecal bacteriology of 12 healthy human
volunteers. These authors observed that addition of the Bifidobacterium fer-
mented milk substantially increased bifidobacterial levels after 12 days, but
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the addition of 18 g/day FOS to this formulation did not enhance the effect.
This observationwasquite surprising as thedailydoseusedwas considerably
high. However, it has been observed that the magnitude of the bifidogenic
effect relies on their starting levels in an inverse relationship [28–30]. As such,
the initial concentrations after probiotic bifidobacteria supplementation may
well have been too high to observe a discernible effect upon the ingestion of
FOS. However, as pointed out by Roberfroid in the previous chapter a low
increase fromahigh starting level of bacteria is actually amajor increase! Alles
et al. [31] investigated the effect of two different FOS doses, 5 and 15 g/day
versus glucose in a balanced, multiple crossover study of 24 healthy men.
Each treatment period was 7 days and was followed by a 7-day washout. A
significantly higher breath H2 excretion was noticed upon ingestion of only
the high FOS dose as well as a significant increase in flatulence as compared
to the control. No change in defecation frequency or SCFA molar ratios was
observed. The authors went on to suggest that the level of fermentation was
dose dependent but in the absence of any bacteriological analysis data this is
questionable. Kleessen et al. [32] studied the effect of dietary supplementation
on fecal flora, microbial activity, and bowel habit in a parallel study of 35 eld-
erly constipated patients. Groups of 15 and 10 patients received lactose and
inulin supplements respectively for 19 days. Theywere initially administered
a 20 g/day dose for days 1–8, whichwas gradually increased to 40 g/day dur-
ing days 9–11, andwasmaintained at these levels until the end of the study. A
significant increase was observed in bifidobacterial levels in the inulin group
while a concomitant decrease in enterococci numbers and enterobacteria
occurred. Lactose had no effect on bifidobacteria but it increased enterococci
counts and decreased lactobacilli levels. An improved laxative effect was
reported with inulin. Den Hond et al. [33] investigated the effect of high per-
formance inulin (DP 25) on constipation in six healthy humanswith low stool
frequency in a double-blind placebo-control crossover study. Subjects con-
sumed an active diet of 15 g/day inulin and a placebo of 15 g/day sucrose. A
significant increase in stool frequency and fecal bulkwas observedwith inulin
administration.
The effect of inulin on fecal bifidobacteria in eight healthy free-living

humans was investigated by Kruse et al. [34]. Subjects consumed a typical
Western diet followed by a reduced fat diet, using inulin (average DP 9) as
fat replacement (maximum inulin consumed 34 g/day). Controls consumed
identical diets but without inulin supplementation. The effect on fecal flora
was monitored using fluorescent probes targeting diagnostic regions of 16S
rRNA. A significant increase in bifidobacterial populations was observed,
while SCFAs, blood lipids, and gas production remained unaffected. Tuohy
et al. [29] used fluorescent in situ hybridization (FISH) to investigate the
prebiotic efficacy of biscuits delivering 6.6 g/day short chain FOS (scFOS)
in a double-blind, placebo-control study of 31 healthy adults. A significant
increase in bifidobacteria levels was observed at the end of supplementation
while other bacterial groups enumerated remained unaffected. Bifidobac-
terial concentrations returned to baseline after a week of treatment cessation.
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Fecal pH and stool frequency remained unaffected throughout prebiotic sup-
plementation, while severity of gastrointestinal effects variedgreatly between
volunteers. Bouhnik et al. [35] assessed the tolerance and threshold dose of
scFOS, amixtureofoligosaccharides consistingof aglucosemolecule linked to
fructoseunits (n≤ 4) that significantly increased fecal bifidobacterial counts in
an 8-day study of 40 healthy human volunteers. Volunteerswere divided into
six treatment groups each given a treatment between 0 and 20 g/day scFOS.
They reported that the optimal dose for increased bifidogenesis without sig-
nificant side effects, such as flatulence, was 10 g/day. No changes in fecal
pH were observed and the high treatment group (20 g/day scFOS) repor-
ted significantly higher flatus excretion as compared to all other treatment
groups. Bifidobacterial levels did not differ significantly at baseline between
the different treatment groups, at the end of scFOS supplementation; how-
ever, a dose–response relationship was observed between daily intake and
magnitudeof bifidogenic effect. In a later randomized, double-blind, placebo-
controlled study by the same group 64 healthy adults were assigned in eight
treatment groups which were randomly chosen to ingest 10 g/day of one of
7 nondigestible carbohydrates (NDCH) for 7 days [36]. The substrates that
exhibited a bifidogenic effect were scFOS, soybean oligosaccharides, GOS,
and type III resistant starch. These were selected for a dose–response study
in 136 healthy adults that were divided in four test groups of 36 subjects
and one control group of eight that were assigned to one of the bifidogenic
NDCHs. Each treatment group was further divided into groups of eight,
each given a daily dose of 2.5, 5, 7.5, or 10 g/day. No significant differences
were observed between the different treatment dose groups. The only dose–
response relationship was reported for the scFOS group. Surprisingly, these
authors reported no effect upon inulin (Raftiline®HP) supplementation at a
daily dose of 10 g/day; however, the treatment period was relatively short (7
days) and the treatment groups small. Prolonged supplementation in a lar-
ger number of volunteers may have given a positive effect. The same group
further investigated the capacity of scFOS to stimulate fecal bifidobacteria
and they further confirmed the dose–response relationship reported in the
earlier studies [37]. In contrast to their observation on inulin, several studies
performed since 2000 have shown a positive bifidogenic effect upon inulin
ingestion. Menne et al. [38] investigated the supplementation of 8 g/day
of Fn rich hydrolyzed inulin (Raftilose®L60) in eight healthy adults. Volun-
teers went on a control diet for 2 weeks, which was then supplemented with
the test prebiotic for a further 2 weeks and the study was concluded with
a 3-week period of home cooked diet with the addition of 8 g/day inulin.
Bacterial changes were evaluated using culture techniques and significant
increases in bifidobacterial levels were observed at the end of both supple-
mentation periods. Both treatments were selective for bifidobacteria and no
gastrointestinal complaints were noted. In a more recent study, Kolida et al.
[30] confirmed the bifidogenic efficacy of inulin at two different daily doses
of 5 and 8 g/day in a double-blind, placebo-controlled, crossover study of 30
healthy adults. Each treatment period lasted 2 weeks, followed by a 1-week



8171: “chap04” — 2007/12/3 — 18:08 — page 77 — #9

The Prebiotic Effect: Review of Experimental and Human Data 77

washout and changes in fecal bacteria were followed using FISH. Both inulin
doses exhibited a significant bifidogenic effect but a larger volunteer num-
ber responded to the high dose. However, a large increase in clostridia was
observed during the first washout period and due to the lack of randomiza-
tion itwas not clear as towhether thiswas a seasonal effect or a result of one of
the treatments. Both doses were generally well tolerated, although small but
significant increases in stool number, flatulence, and bloating were reported
during the lowbut not the highdose. Swanson et al. [39] investigatedwhether
supplementationwithFOSandor Lactobacillus acidophilus (LAC) affects bowel
function in a double-blind, randomized, placebo-controlled parallel study of
68 healthy adults. Each treatment period lasted 4 weeks but no changes in
bowel defecation frequency, fecal consistency, pH, and drymatter percentage
was observed, FOS did however decrease fecal protein catabolites. The effect
of an enteral formula containing FOS plus fiber (9.5 g/day FOS intake) on the
composition of the fecal flora of ten healthy volunteers was investigated in
a double-blind, placebo-controlled, crossover study (6-week washout) [40].
The enteral formula was the sole source of nutrition for the volunteers and
was compared to the effect of standard formula. At the end of the study,
although total bacteria were lower with both formulae, there was a signi-
ficant increase in fecal bifidobacteria and a significant decrease in clostridia
with only the FOS/fiber supplemented treatments, as evaluated using FISH.
In the past 5 years FOS has been extensively used in infant formulae in most
cases in combination with GOS (1/9 ratio). Studies on the efficacy of inulin
and FOS in combination with GOS in formula fed infants are summarized in
Table 4.1.
Evaluation of the prebiotic effect is based on fecal sample analysis due to

the inherent anatomic inaccessibility of the colon. As a result, the changes that
may be occurring during prebiotic supplementation on the mucosal surfaces
of thehealthyhumancolonare largelyunknown.Onestudy todatehas invest-
igated such an effect in 14 healthy subjects undergoing colonoscopy [41].
Volunteers supplemented their diet for 2 weeks prior to the procedure with
7.5 g/day inulin and 7.5 g/day FOS. Another group of 15 volunteers was also
recruited and not given any supplement. Multiple endoscopic biopsies were
obtained from different parts of the colon and were analyzed using culture
techniques. Mucosal bifidobacteria and lactobacilli significantly increased in
the proximal and the distal colon in the inulin fed subjects and the effect was
selective. This is of particular importance as it further confirms persistence of
inulin in distal parts of the colon and indicates that prebiotic supplementa-
tionmay not only have an effect on luminal contents but that it may also alter
mucosal associated populations.
Differences in the DP of inulin used in the studies reviewed above are

likely to affect selectivity and efficacy and this may account for some dis-
crepancies in the reports on its prebiotic effectiveness. Most studies on
inulin and FOS appear to be in agreement that this group of substrates
combines resistance in the upper gastrointestinal tract, fermentability, and
a selective stimulation of fecal bifidobacteria, confirmed both in numerous
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TABLE 4.1

Overview of FOS and GOS Supplementation Studies in Infants

Test Evidence of
Oligosaccharide Study Design Dose Prebiotic Efficacy References

GOS and
polydextrose,
lactulose

226 Healthy
formula-fed
term infants,
assigned to
treatment
groups of 76
parallel design,
followed up to
120 day of age

4 or 8 g/L
Prebiotic/formula

Normal growth
and stool
characteristics
similar to breast
fed group

[74]

GOS and long
chain FOS

Healthy bottle-fed
infants,
randomized,
double-blind,
parallel followed
up to 6 wk of age

4 g/L
Prebiotic/formula
or standard
formula (no
prebiotic)

Significant
decrease in
clostridia
(FISH), trend of
increased
bifidobacteria,
and E. coli,
higher stool
frequency, softer
stools as
compared to
control group

[75]

GOS and FOS 20 Preterm infants
on enteral
nutrition,
assigned into
2 groups,
placebo
controlled,
double-blind,
14 days
supplementation

10 g/L
Prebiotic/formula
or standard
formula

Significant
reduction in
gastrointestinal
transit time and
stool frequency;
well tolerated

[76]

GOS and FOS 199 Formula-fed
infants with
colic, 96
prebiotic, aged
>4 m, 103
standard
formula parallel
randomized,
2 wk

8 g/L
Prebiotic/formula
(90% GOS),
formula and
simethicone
(6 mg/kg)

Significant
reduction in
crying episodes
after 7 and 14
days as
compared to
standard
formula

[77]

GOS and FOS 35 Formula-fed
infants in
weaning, aged
4–6 m,
double-blind,
randomized,
6 wk
supplementation

4.5 g/day
Prebiotic in weaning
food or weaning
food (no prebiotic)

Significant
increase in
bifidobacteria %
(FISH) with
prebiotic
significantly
different to
control

[78]
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TABLE 4.1

(Continued)

Test Evidence of
Oligosaccharide Study Design Dose Prebiotic Efficacy References

GOS and FOS 2 groups of 10
healthy,
formula-fed
infants 28–90
days age, parallel
study

8 g/L
Prebiotic/formula
(90% GOS);
breast-fed control
grp

Real time PCR
analysis, similar
flora composition
between formula
and breast fed
infants

[79,80]

GOS and FOS;
Bifidobac-
terium
animalis

3 groups of 19
healthy,
formula-fed
infants, 63 breast
fed (ref grp)
randomized,
double-blind
parallel, from
birth to 16 wk

6 g/L
Prebiotic/formula;
6×1010 viable
B. animalis/L
formula; standard
formula

Similar metabolic
activity of the
flora in GOS/FOS
grp as breast fed,
B. animalis group
similar to
standard formula

[81]

GOS and FOS Healthy
formula-fed
infants, 28 days
feeding period

8 g/L
Prebiotic/formula;
maltodextrin
control

Significantly higher
bifidobacteria
with prebiotic
compared to
control

[82]

GOS 69 Healthy term
infants fed GOS,
parallel study, 59
fed formula, 124
mixed; 6 month
intervention

2.4 g/L
Prebiotic/formula;
formula; mixed
(breast fed and
prebiotic formula)

Significant
increases in
bifidobacteria,
lactobacilli, and
stool frequency in
prebiotic and
mixed groups but
not the standard
formula group

[83]

GOS and FOS 19 Preterm infants
on prebiotic, 19
maltodextrin
placebo, 12
fortified breast
milk parallel
study, 28 days
intervention

10 g/L
Prebiotic/formula
(90% GOS)

Significantly higher
bifidobacteria
compared to
placebo group,
similar to
breast-fed group;
significantly
higher stool
frequency as
compared with
placebo and
breast fed groups

[84]

Native inulin 14, 12.6 wk
formula-fed
healthy infants, 6
wk intervention
(3 wk inulin,
3 wk without)

0.25 g/kg/day
Native inulin

Inulin significantly
increased
lactobacilli and
bifidobacteria,
stool frequency
was not affected

[85]

Abbreviations: wk, week; grp, group.
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in vitro and in vivo studies. Although there does not seem to be an apparent
relationship between dose and prebiotic response by volunteers in the major-
ity of the studies reviewed, the occurrence of undesirable gastrointestinal
effects (albeit sporadic and infrequent) appears to increase at higher doses
of inulin and FOS. As such, the minimum effective dose for each formu-
lation has to be defined in order to improve tolerance. The magnitude of
bifidogenic effect appears to be related mostly on the initial bifidobacteria
levels prior to supplementation. Volunteers with low bifidobacteria start-
ing levels appear to give the highest increases during prebiotic ingestion
[28–30].

Lactulose

Lactulose (galactosyl β-(1→4) fructose) is a discaccharide of d-galactose
linked β(1-4) to fructose. It is manufactured from lactose via alkaline isomer-
ization, which converts the glucose moiety in lactose into a fructose residue.
Although the nondigestibility of lactulose has not been proven in ileostomy
patients, there are data exhibiting its resistance to treatment with human and
calf intestinal β-galactosidases [42]. Unlike the fructans and GOS, lactulose is
consideredmore as a therapeutic rather than as a food ingredient (it is widely
used as a laxation product).
The bifidogenic nature of lactulose at 10 g/day has been confirmed using

both traditional microbiological culture techniques and FISH employing
molecular probes for bacterial enumeration in a double-blind placebo-
controlled, parallel study of two groups of 10 healthy adults [43]. Other
studies, although showing significant bifidogenesis, have given conflicting
reports on changes in Lactobacillus spp. populations in response to lactulose
intake. Terada et al. [44] observed a reduction in Lactobacillus spp. numbers
in volunteers given 3 g lactulose once daily for 14 days. Conversely, Bal-
longue et al. [45] upon feeding volunteers with lactulose at 2× 10 g/day for
4 weeks, observed an increase in lactobacilli, bifidobacteria, and streptococci
while bacteroides, clostridia, and coliforms all significantly decreased. Both
studies employed traditional bacteriological culture techniques but the daily
doses usedwere greatly different. In a later study, Bouhnik et al. [46] investig-
ated the effect of prolonged low dose lactulose administration in a controlled,
double-blind, randomized parallel group study of 16 healthy adults. Par-
ticipants ingested 5 g/day lactulose or placebo (sucrose) over a period of
6 weeks. At the end of supplementation fecal bifidobacteria were signific-
antly higher in the lactulose group. Fecal pH, total anaerobes, and lactobacilli
counts remained unaffected throughout the study in both groups; however,
excess flatus production was more common in the lactulose group, but was
still considered mild.
Although the nondigestibility of lactulose has not been as rigorously

established as in the case of fructans, its structure, in vitro resistance to
enzymatic treatment, andprebiotic efficacy in several human trials strengthen
its classification as a prebiotic. As mentioned, however, lactulose is not
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extensively used in foods and therefore its prebiotic status lags behind
inulin/FOS.

Galacto-oligosaccharides

Galacto-oligosaccharides (GOS) are present in low concentrations in human
milk, cow’s milk, and yoghurt and have also been produced biosynthetic-
ally from lactose [47,48]. In the past, GOS have been considered as unwanted
by-products of the dairy industry. However, the establishment of a predom-
inantly bifidobacterial microflora in the intestine of breast-fed infants have
been attributed at least in part to the presence of lowGOS amounts in human
milk, thereby giving an indication of the bifidogenic potential.
GOS consist of a number of β-(1-6) linked and β-(1-4) galactopyranosyl

units linked to a terminal glucopyranosyl residue through an α-(1-4) glyc-
osidic bond. They have been reported in fermented milk as a result of
β-galactosidase activity of starter bacterial cultures [49]. GOS are synthesized
from lactose by a β-galactosidase transfer reaction resulting in the formation
of a blend of di- through to hexasaccharides, with the end products depend-
ing on the source of the enzyme. The enzyme transfers the galactose moiety
of a β-galactoside to an acceptor containing a hydroxyl group. Galactose
is formed when the acceptor is water, whereas trisaccharides are formed
when the acceptor is lactose. Trisaccharides can in turn act as acceptors
resulting in the formation of tetrasaccharides, pentasaccharides, and hexas-
accharides. [50] An overview of the production process for GOS is shown in
Figure 4.2.
Because of their β configuration, GOS are believed to escape digestion in

the upper gastrointestinal tract. β-Galactosidases located in the brush border
membrane of the human small intestine can potentially digest GOS, but their
activity is usually very weak. The caloric value of GOS is similar to that of
FOS and was calculated to be 1.73 kcal/g [49].
The fermentability and selectivity of GOS has been exhibited in vitro by

several comparative studies. In a study comparing the prebiotic efficacy of
selected oligosaccharides (1% w/v), including GOS and FOS, in pH (6.8)
controlled, 24 h batch cultures, GOS significantly increased bifidobacteria,
although to a smaller extent than FOS, while it mediated the largest decrease
in C. perfingens/histolyticum subgroup levels, evaluated using FISH. GOS also
produced significantly lower cumulative gas than FOS [51]. Palframan et al.
[52] also reported a selective prebiotic effect for GOS using FISH in a sim-
ilar experimental set up and they concluded that optimum performance for
GOS was achieved at pH 6 and substrate concentration 2% w/v. Prebiotic
efficacy of GOS in the in vitro gut model is less well documented. McBain
and Macfarlane [53] tested GOS in an in vitro three-stage model of the colon
and observed an increase in lactobacilli and a weak bifidogenic effect in ves-
sel one, which corresponded to the proximal colon. In the same study, GOS
also strongly suppressed β-glucosidase, β-glucuronidase, and arylsulphatase,
thereby reducing the risk for intestinal genotoxicity.
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FIGURE 4.2
Production of galacto-oligosaccharides from lactose (Gal= galactose, Glu= glucose). (Modified
from Tungland and Meyer, 2002.)

The prebiotic efficacy of GOS has also been investigated in human feed-
ing studies. Ito et al. [54] studied the effects of GOS (maximum dose
10 g/day) on human fecal microflora in an in vivo single-blind, crossover
study of 12 healthy male volunteers. Numbers of total bacteria, bacteroides,
enterobacteria, and enterococci were unchanged but a significant increase of
bifidobacteria anda smaller, but still significant, increase of lactobacilli during
GOS administration was observed. In a similar study of 12 human volun-
teers with abnormally low numbers of bifidobacteria in their gut microflora,
Ito et al. [55] demonstrated that consumption of GOS resulted in a signific-
ant degree of bifidogenesis. After termination of GOS intake, bifidobacterial
numbers returned to initial levels. Teuri et al. [56] investigated the effect
of yoghurt containing 15 g GOS per day in the gastrointestinal symptoms
of 12 healthy humans. The effect on the fecal flora of six of the volunteers
was also monitored. Supplementation resulted in increased fecal frequency
and a significant increase in bacterial numbers grown on MRS media. In
a further study, the same authors investigated whether GOS can relieve
constipation in 14 elderly volunteers in a double-blind two-period cros-
sover study. Volunteers ingested yoghurt containing either 9 g/day GOS,
or placebo (no GOS). The defecation frequency was higher during the GOS
supplementation periods as compared to the control [57]. The reduction of
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severity of mild constipation in 43 elderly subjects was further investigated
in a later study by Sairanen et al. [58]. The study was randomized, double-
blind, placebo-controlled during which volunteers ingested either a control
yoghurt or a yoghurt containing GOS (12 g/day), prunes (12 g/day), and
linseed (6 g/day) during 3-week treatments followed by 2-week washout
periods. Defecation frequency was higher during the active yogurt supple-
mentation, defecation was easier, and there was a tendency for softer stools.
However, these observations may only be partly due to the GOS content of
the active yoghurt as the other added ingredients, prunes and linseed, may
have contributed toward treatment efficacy. No differences in the occurrence
and severity of gastrointestinal symptoms were observed between the con-
trol and the active periods and GOS appeared to relive constipation in most
volunteers. Alles et al. [59] investigated the effect of two doses of GOS (7.5
and 15 g/day) versus placebo (no GOS) on the fecal flora composition in a
parallel study of 18 women and 22 men. Treatments lasted for two 3-week
periods but increases in bifidobacteria were noted after both the placebo and
the GOS ingestion and the magnitude of the effect did not differ significantly
from the placebo. No change in fecal pH, SCFA concentrations of bowel habit
was observed; however, breath H2 excretion significantly increased during
prebiotic ingestion.
The promising results from healthy adult dietary intervention studies with

GOS has led to an increased interest in application of GOS in infant formulae.
Numerous studies in the past 7 years have investigated its efficacy, in most
cases used in combination with small concentrations of FOS, in modifying
the formula fed infant flora and stool characteristics to a composition that
resembles that of breast fed infants. Although due to the nature of the target
population it is verydifficult todesigndouble-blind, placebo-controlled, cros-
sover studies, there is agreement between the findings of different research
groups using different study designs and doses. Some of the studies only ana-
lyzedqualitative aspects of prebiotic supplementation such as stool frequency
and consistency, but the majority of the findings to date are in agreement and
summarized in Table 4.1.
The above reviewed prebiotics are recognized due to the abundance of

experimental evidence supporting their adherence to the prebiotic selection
criteria. There are several other oligosaccharides that are used as prebi-
otic supplements mainly in Japan; however, there are not sufficient studies
supporting their full compliance to the prebiotic definition. Amongst these
candidates are isomaltooligosaccahrides, xylooligosaccharides, and soybean
oligosaccharides.

Tentative Prebiotics

Asmentioned by Roberfroid in the preceding chapter, there are food ingredi-
ents touted as prebiotics. However, their formal classification as such needs
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further justification and the research is not as advanced as for the more
established forms described above.

Isomaltooligosaccharides

Isomaltooligosaccharides (IMO) are derived from starch by a two-step
enzymatic process and are mixtures of α-1-6-glucosides such as isomaltose,
isomaltotriose, panose, and isomaltotetraose [5]. Starch is first liquefied
through the hydrolytic activity of α-amylase. The liquefied starch is then
treated with both β-amylase and α-glucosidase to produce IMO. β-Amylase
converts the starch to maltose. The hydrolytic and glucotranferase activity of
α-glucosidase then converts the maltose to a mixture of IMO [50]. The IMO
mixtures also contain oligosaccharides with both α (1-6) and α (1-4) linked
glucose. IMO do not conform with the nondigestibility criterion of potential
prebiotics as they are partially digested by isomaltase in the human jejunum
and the residual oligosaccharides are fermented by bacteria in the colon [60].
However, it has been suggested that higher DPmolecules can reach the colon
intact and be selectively fermented by the beneficial flora therein [61]. Oku
and Nakamura [62] investigated breath H2 excretion in 38 healthy volun-
teers during FOS and IMO supplementation of gradually increasing daily
doses from 10 to 20 g/day. FOS ingestion mediated high H2 excretion while
H2 during IMO ingestion was slight. They suggested that IMO was readily
hydrolyzed by small intestine enzymes. As such, the IMO are not currently
recognized prebiotics.
A number of studies have suggested that IMO are bifidogenic. Kohmoto

et al. [63] in an in vivo study of 6 healthy adult men and 18 senile persons
observed an increase in bifidobacterial numbers following the administra-
tion of IMO at a dose of 13.5 g/day for 2 weeks. The same researchers
reported that, according to their in vitro work, IMO could only be utilized
by bifidobacteria and the Bacteroides fragilis group but not by E. coli or other
gut bacteria. In a further in vivo study of healthy men, the minimum dose
of IMO to induce a significant increase in numbers of bifidobacteria was
established at 8–10 g/day [60]. Kaneko et al. [61] studied the fermentation of
the different saccharide fractions of IMO and established that growth activ-
ity of bifidobacteria in the human large intestine proportionally increased
with the DP of IMO components. This observation was attributed to dif-
fering digestibility of IMO in the small intestine, with increased DP being
associated with resistance to intestinal digestion. Chen et al. [64] investigated
the effect of IMO on bowel function of seven elderly males suffering from
constipation. Volunteers went on a 30-day low fiber control diet following
which they crossed over to a 30-day period where diet was supplemented
with 10 g/day IMO. During IMO ingestion, defecation frequency signific-
antly increased and no complaints of bloating or diarrhoea were noted. Mean
wet fecal weight increased by 70% and mean dry fecal weight by 55%. How-
ever, no bacteriological analysis was performed to monitor the effect of IMO
supplementation on fecal flora. In a later study Bouhnik et al. [36] failed



8171: “chap04” — 2007/12/3 — 18:08 — page 85 — #17

The Prebiotic Effect: Review of Experimental and Human Data 85

to notice a bifidogenic effect upon IMO ingestion at a dose of 10 g/day in
8 healthy adults over a period of 7 days, however, the intervention period
may have been too short for a change in the bifidobacterial flora to be noted.

Xylooligosaccharides

Xylooligosaccharides (XOS) are polymers of d-xylans. They are produced
from xylan extracted mainly from corncobs. Xylan is hydrolyzed to XOS
through the controlled activity of the enzyme endo-1,4-xylanase [50]. Their
monomers are joined by β (1-4) bonds constituting XOS resistant to break-
down by mammalian digestive enzymes as they do not possess β-xylosidase
enzymes. However, there is no experimental evidence to date certifying the
nondigestibility of XOS in the upper gastrointestinal tract of humans.
Evidence of the prebiotic efficacy of XOS is sparse. In an in vivo study of

five healthy human volunteers Okazaki et al. [65] reported a 10–31% increase
in the relative ratio of bifidobacteria to total intestinal microflora following
consumption of 1–2 g/day XOS, which dropped after administration of XOS
ceased. Howard et al. [66] studied the effect of XOS at 4.2 g/day on the
colonic microflora of mice but did not observe any increase in bifidobacterial
numbers. The same group reported a significant increase in bifidobacterial
levels upon the administration of 5 g/day XOS to human volunteers. They
suggested that lack of a prebiotic effect in the mice might be due to dif-
ferent bifidobacterial species inhabiting the gastrointestinal tract of man
and mice.

Soybean Oligosaccharides

Soybean whey is a by-product of the production of soy protein. It contains
the oligosaccharides raffinose, stachyose together with glucose, sucrose, and
fructose [50]. These sugars are directly extracted from soybean whey and
concentrated to produce syrup. Because there is no α-galactosidase activity
in the human small intestine to digest the α-(1-6) linkages present in raffinose
and stachyose, soybean oligosaccharides (SOS)may be able to reach the colon
intact [2,67,68].
A number of studies suggest that SOS exert a bifidogenic effect on colonic

flora. Saito et al. [69] studied the effect of SOS on bifidobacteria in vitro, in
a two-stage continuous culture system inoculated with fecal slurry from a
healthy volunteer. It was observed that bifidobacteria increased in numbers
relative to other bacterial groups. Benno et al. [70] administered 15 g/day
raffinose to seven healthy adults and observed a significant increase in
bifidobacteria while total bacterial counts remained stable. Furthermore,
during raffinose intake Bacteroides spp. and Clostridium spp. counts were sig-
nificantly lower than those prior to and after raffinose intake. Hayakawa
et al. [71] studied the in vitro fermentation of purified stachyose and raffinose
by 125 strains of human fecal bacteria, including 29 strains from 5 species
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of bifidobacteria. They established that SOS were fermented by all species
of bifidobacteria tested, except for B. bifidum. Rates of fermentation were
much greater than for the other microorganisms. They also performed an
in vivo study in six healthy human adults. Two test diets and a control
were administered, one containing 10 g/day SOS and one a mixture of
the oligosaccharides plus 6 × 109 CFU of B. longum. Both test diets res-
ulted in significant increases in bifidobacterial levels, but no additional
effect was observed by inclusion of the live culture to the diet. More
recently, Bouhnik et al. [46] showed the bifidogenic effect of SOS in a
double-blind, placebo-controlled, randomizedstudyatdosesbetween2.5 and
10 g/day.

Discussion

Prebiotics were first defined 12 years ago and the scientific evidence on
numerous dietary ingredients considered as such is gradually increasing.
However, although there have been advances in molecular methodologies
for the analysis of fecal populations in the past two decades, the majority of
evidence on prebiotic efficacy to date has been obtained through microbial
culture based methodologies. As previously mentioned, the most import-
ant criterion for prebiotic status to be obtained is selective fermentation
by beneficial members of human fecal microflora. It is of utmost import-
ance to be able to reliably and accurately monitor the effect on different
fecal bacterial populations of prebiotic ingestion so that selectivity is estab-
lished. The inherent bias and problems of microbial culture with regards to
agar selectivity and cultivability of fecal bacteria constitute this approach
highly problematic. Several quantitative molecular techniques can now be
used to monitor changes in fecal bacteria. Fluorescent in situ hybridization
(FISH) is a culture independent method that allows for the enumeration
of whole bacterial cells in situ in environmental samples. The technique
relies on the use of group or species specific molecular probes targeting
discriminatory regions of the 16S rRNA molecule. Several phylogenetic
probes are currently available providing a good coverage of fecal populations.
Other molecular techniques such as direct community analysis, denaturing
and temperature gradient gel electrophoresis (DGGE and TGGE) are more
qualitative than quantitative, but can produce useful information in com-
parative studies in particular and in the investigation of intra-individual
differences.
The focus of this chapter was to review the effect of dietary food ingredi-

ents that have been extensively studied and are established as prebiotics or
those that science to date shows as promising. The prebiotic market is rap-
idly expanding, as is consumer awareness of functional foods and the role
of diet as means of improving well-being is constantly improving. A pleth-
ora of structurally diverse substrates are currently being investigated with
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regards to potential prebiotic efficacy such as gentiooligosaccharides, glucoo-
ligosaccharides, polydextrose, lactosucrose, chitooligosaccharides, starches,
and fiber-derived oligomers to name but a few, but information on their
functionality is still not sufficient.
Another very important aspect to be considered is prebiotic persistence to

distal regions of the colon. As our understanding of the aetiology and the
pathogenesis of several gastrointestinal diseases progresses, it has become
clear it would be very desirable for prebiotics to persist toward distal regions
of the colon, which appear to be the main site of initiation and or manifesta-
tion of gastrointestinal diseases such as colon cancer and ulcerative colitis.
The anatomic inaccessibility of the human colon poses a great challenge in
demonstrating persistence to distal regions. The in vitromodel of the human
colon can provide preliminary evidence as to how a test substrate can be
gradually degraded along the different colonic regions [17,72]. It is assumed
that prebiotic efficacy in vivo implies persistence to distal regions. Confirm-
ation of selective stimulation of beneficial members of fecal flora into distal
regions of the in vitro model of the human gut with prebiotic efficacy in vivo
could provide acceptable evidence of persistence to distal colonic areas. In
the case of inulin some evidence between the relevance of DP and persist-
ence are immerging from in vitro models of the human colon [17,18]. These
observations have been strengthened by the enhancement of bifidobacteria
concentrations in the mucosa of the distal colon of healthy subjects upon
inulin and FOS supplementation in a recent study [41].
The majority of the in vivo human studies on the established prebiotics to

date are mostly in agreement with regards to their selective fermentation by
fecal bifidobacterial populations. Some of the more contentious issues are
the dose–response relationship, and manifestation of gastrointestinal effects.
The hypothesis is that prebiotic ingestion will exert a trophic effect on fecal
flora increasing fecal bulk and as such increasing stool frequency. Further-
more, an increase in bifidobacterial populations should generate an increase
in SCFAconcentrations anddecrease in fecal pH.However, themajority of the
reviewed studies fail to report such an effect in SCFA and pH. It is very likely
that because approximately up to 95% of SCFA are very rapidly absorbed
through the colonic epithelium, feces are not themost suitable sample tomon-
itor changes in SCFA production [73]. In most of the reviewed studies trends
for increased stool frequency and severity and frequency of gastrointestinal
effects such as flatus production, abdominal pain, and bloating exist, but
there are usually high inter-individual variations. This implies different tol-
erance levels to prebiotic supplementation between volunteers. However,
the monitoring of gastrointestinal symptom severity is routinely performed
via completion of daily questionnaires, whereby the volunteer self-assesses
the occurrence and severity of symptoms. This renders reports highly sub-
jective. The relationship between dose and magnitude of bifidogenic effect,
although shown in certain studies with FOS supplementation, seems to be
more relevant to baseline bifidobacteria levels rather than the dose ingested.
Studies that have observed a dose–response relationship have mostly kept
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volunteers on controlled diets and baseline bifidobacterial populations were
similar.
Although the scope of this chapter was to review studies on prebiotic

supplementation on healthy humans, one cannot ignore the mounting evid-
ence of efficacy against a plethora of pathologic conditions such as irritable
bowel syndrome, ulcerative colitis, bowel cancer, and coronary heart dis-
ease [3]. The realization that increases in the beneficial members of fecal
microbiota can actually mediate health effects to improve disease states or
susceptibility to disease led to the refinement of the definition of prebiotic
by Gibson et al. [3], to shift the focus of prebiotic efficacy from the increase
of beneficial bacteria in the human gut microflora to the human well-being
in general. As such a prebiotic was redefined as a selectively fermented
ingredient that allows specific changes in the composition and/or activity
of the gastrointestinal microflora that confers benefits to host well-being and
health.
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Introduction

There is extensive evidence in experimental animals that prebiotics, such
as inulin-type fructans, can increase the absorption of a variety of miner-
als, including calcium, magnesium, iron, and zinc [1,2] and that they may
act through several possible mechanisms [2]. The purpose of this review
is to discuss the different mechanisms by which prebiotics may increase
mineral absorption, and the current state of evidence on which mechanism
or mechanisms may be most important for the prebiotic effect on mineral
absorption.

93
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Calcium

Many animal [3–7] and human [8–10] studies have shown that prebiotics
increase calciumabsorption. Themost compellingdata is fromhumanswhere
studies have demonstrated that regular consumption of prebiotic inulin-type
fructans lead to increased calcium absorption in some, but not all, subjects
[8,10,11] and lead to improvements in clinically relevant outcomes including
bone mineral density [8].

Calcium Absorption

Calciumabsorption canbeeither activeorpassive [12,13]. Active absorption is
vitaminD-dependent, saturable, and occursmostly in the small intestine [14].
Active absorption is greater in the rat ileum than in the rat duodenum [15] and
makes a relatively larger contribution at lower calcium intakes [16]. It consists
of three stages: entry of calcium into the brush border enterocyte, transport
across the enterocyte, and export from the basolateral cell membrane [12].
In practical terms, the rate of active transport is largely determined by the
content of the vitamin D calcium binding protein, calbindin-D9k (CALB1,
CaBP), which transports calcium across the cell [12,17].
Passive transport occurs along the length of the gastrointestinal tract by

paracellular concentration gradient-dependent diffusion [12], and its rate is
similar in rat ileum and rat duodenum [15]. Overall, passive diffusion has
been estimated to account for between 8% and 23% of calcium absorption in
humans [18]. In humans, calcium absorption is more than 95% complete in
the small intestine, with less than 5% of calcium absorption occurring in the
small bowel [19].
A variety of mechanisms have been proposed to explain the effect of prebi-

otics on calciumabsorption [2], although themostwidely favored explanation
concerns their effect on passive calcium absorption in the large intestine. This
theory states that nonabsorbed prebiotics enter the large intestine undigested
where they are fermented in to short chain (volatile) fatty acids such as acet-
ate, butyrate, and propionate [2]. These fatty acids lower the pH of the large
intestine contents, increase solubility of calcium (and other minerals) in the
luminal contents and so increase passive concentration-dependent calcium
absorption in the colon.

Effects of Prebiotics on Large Intestinal pH

In humans, prebiotics are poorly broken down in the small intestine. In one
study in subjects with ileostomies because of ulcerative colitis, almost 90% of
orally administered inulin or oligofructosewere recovered intact in ileostomy
fluid [20]. This led to the theory that fermentation of prebiotics in the large
intestine was required for them to affect mineral absorption, especially as no
changes in mineral absorption were noted in subjects with ileostomies [20].
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In rats, prebiotics have been shown to increase calcium absorption, reduce
the occurrence of postgastrectomy osteoporosis, and improved bone miner-
alization [4,5,7]. These effects are associated with an increase in the weight of
cecal contents, an increase in the amount of cecal short chain fatty acids, and
a decrease in cecal pH [21], and it has been suggested that this is an important
cause of the increase in calcium absorption due to prebiotic consumption [22].
In rats, there is good evidence that at least part of the effect of prebiot-

ics on calcium absorption occurs by increasing calcium absorption in the
large intestine [22]. Ohta et al. [22] examined the effect of a prebiotic fructoo-
ligosaccharide on calcium absorption in rats. They measured the luminal
calcium:chromium ratio at different levels within the colon and rectum and
compared this to the length of transit along the colon and rectum by simple
regression analysis. In rats fed a control diet, there was a small, but not stat-
istically significant, decrease in calcium:chromium ratio along the length of
the colon and rectum, suggesting that little if any calciumwas being absorbed
in the colon. However, in rats fed a prebiotic fructooligosaccharide, the
calcium:chromium ratio fell significantly along the length of the colon and
rectum, suggesting that calcium was being absorbed from the luminal con-
tents when prebiotics were being consumed [22]. The benefits of prebiotics
on calcium absorption are reduced by cecectomy in rats [23]. Cecectomy
itself does not reduce calcium absorption in rats, but it does prevent the
oligofructose-induced increase in calcium absorption seen in rats with an
intact cecum (Table 5.1, [23]). The data from these two studies are therefore
compatible [22,23] and consistent with the theory that prebiotics increase cal-
cium absorption in the large intestine, a site where little if any calcium is
absorbed in the absence of prebiotics.
The association between changes in short chain fatty acid content, pH,

and soluble concentrations of calcium in the large intestine, and the data
suggesting that the increased calcium absorption occurs in part in the large
intestine [22,23] do not, of course, mean that the two are causally related.
However, it has proved difficult to experimentally separate the two effects.
Levrat et al. [24] examined the effect of increasing intakes of dietary inulin

in Wistar rats. As inulin intake increased cecal weight increased, cecal wall
weight increased, cecal pH decreased, and cecal short chain fatty acids
increased. Similarly, as inulin intake increased cecal calcium concentration,

TABLE 5.1
Effect of a Fructooligosaccharide Prebiotic on Calcium Absorption in Cecectomized
Rats and Sham-Operated Rats

No Fructooligosaccharide Fructooligosaccharide p

Sham-operated 61% (SEM 4) 72% (SEM 9) < .05
Cecectomized 64% (SEM 7) 64% (SEM 6) NS

Data from Ohta A, Ohtuki M, Takizawa T, Inaba H, Adachi T, Kimura S. Int. J. Vitam. Nutr. Res.
1994;64:316–23.
NS: Not significant.
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TABLE 5.2
Effects of Different Intakes of Inulin on Cecal Findings, and on Calcium and
Magnesium Absorption

Inulin Intake 0% (control) 5% 10% 20%

Cecal Wt (g) 3.1 ± 0.1 4.1 ± 0.2* 5.4 ± 0.2* 10.0 ± 0.3*
Cecal pH 6.98 ± 0.04 6.37 ± 0.06* 5.96 ± 0.06* 5.65 ± 0.07*
Cecal volatile fatty acids (µmol) 0.70 ± 0.06 3.00± 0.33* 6.28 ± 0.47* 13.69 ± 1.04*
Cecal Ca concentration (mM) 9.4 ± 1.1 31.2 ± 3.1* 55.1 ± 7.2* 42.3 ± 3.8
Cecal Ca pool (µmol) 14 ± 3 78 ± 8* 184 ±24* 268 ± 31*
Calcium absorption (µmol/min) 0.007 ± 0.01 0.13 ± 0.02* 0.30 ± 0.03* 0.56 ± 0.06*
Cecal Mg concentration (mM) 14.6 ± 1.7 19.5 ± 1.1* 16.3 ± 1.4 9.1 ± 1.1*
Cecal Mg pool (µmol) 27.2 ± 3.9 48.8 ± 5.0* 54.4 ± 4.7 58.1 ± 7.0
Mg absorption (µmol/min) 0.09 ± 0.01 0.19 ± 0.04* 0.32 ± 0.04* 0.44 ±0.05*
Data from Levrat MA, Remesy C, Demigne C. J. Nutr. 1991;121:1730–7.
Significantly different from preceding group (p < .05).
∗ Data given as Mean ± SEM.

cecal calcium pool size, and calcium absorption all increased (Table 5.2).
This dose–response effect provides some support for a relationship between
colonic pHand calciumabsorption, but still does not prove causality (see later
for conflicting data for magnesium absorption). Coudray et al. [25] compared
the effects of four different inulin preparations in rats. All four prebiotics
had similar effects on cecal weight, cecal pH, cecal acetate, cecal propion-
ate, cecal butyrate, and cecal total short chain fatty acids. Likewise, all four
prebiotics had similar effects on total cecal calcium, soluble cecal calcium,
and on calcium absorption [25]. Once again, the inability to show differential
effects on calcium absorption and on the production of cecal short chain fatty
acid, and the fall in cecal pH is consistent with, but not proof of, a causal
relationship.
In a study looking at ovarectomy-induced bone loss theweight of the femur

weight, the femur ash weight, and femoral calcium content were all strongly
negatively correlated with cecal pH and strongly positively correlated with
the weight of the cecum and the weight of the cecal contents [2].
Prebioticsmay also affect ileal luminal pH. In rats fed a lactulose-containing

diet fractional calciumabsorption (62%SEM3) is significantly greater than for
controls (50% SEM 3) with the effect of a lactose-containing diet being inter-
mediate between the two (58% SEM 2). A similar pattern is seen in calcium
content in the liquid phase of ileum contents (both as an absolute amount
and as a percentage of total calcium), with the glucose control being lowest,
lactulose highest, and lactose intermediate between the two [26]. There was
also a significant correlation between ileal luminal pH and fractional calcium
absorption, although the relationshipwas not as significant as formagnesium
(see later) [26].
A contradictory study [3] examined the effect of a relatively small amount

of dietary prebiotic (1%w/w oligofructose) in dogs (n = 5) using a crossover
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design. The prebiotic had no effect on fecal pH but did significantly increase
calcium absorption. The authors concluded that a change in bacterial com-
position in the cecum was more likely to explain the beneficial effect of
prebiotics on calciumabsorption thanwere changes inpHorvolatile fatty acid
content.

Trophic Effect of Prebiotics

An alternative hypothesis for the effect of prebiotics on calcium absorption is
that they have a trophic effect on the gut and increase absorptive surface area
[2] and so increase passive calcium absorption. It has been speculated that
this effect may be mediated through either polyamines or butyrate as both
are known to increase cell proliferation [2]. However, orally administered
polyamines are unable to reduce ovarectomy-induced bone loss to the same
extent that prebiotics do [2]. Nor do polyamines increase cecal weight, cecal
contents, or lower cecal pH [2].
The effect of short chain fatty acids on cell proliferation in the colon has

been examined in rats fed a highly fermentable fiber (pectin), a less fer-
mentable fiber (wheat bran), or fiber-free diets [27]. Both forms of fiber
significantly increased the length of the large intestine, but only pectin
increased cecal surface area [27]. Both fibers significantly reduced pH in the
cecal, proximal colon, and distal colon, although the effect was, as expected,
more pronounced for the more fermentable fiber (pectin). The effect of the
different fibers on the production of short chain fatty acids was assessed
in different segments of the bowel. Overall, both pectin and wheat bran
increased total fatty acids in the cecum and proximal colon, but not the
distal colon. However, the fibers differed in which short chain fatty acids
were produced. Pectin significantly increased the acetate concentration in
the proximal colon (but not the cecum or distal colon), increased propionate
concentration in the proximal and distal colon (but not the cecum), with the
effects of wheat bran being less marked. In contrast, wheat bran increased
the butyrate concentration in the cecum, proximal colon, and distal colon
while no effect was seen for pectin. Pectin significantly reduced the valer-
ate concentration in the cecum. Both forms of fiber increased the depth and
cellularity of crypts in the distal colon, and pectin had a similar effect in
the cecum as well [27]. The relationship between fatty acid concentrations
in and cell proliferation in the different intestinal segments were assessed
by simple regression analysis. Butyrate was the major determinant of crypt
cellularity in the distal colon (r= 0.40), while valerate and pH were negat-
ively correlated with crypt cellularity in the cecum (r = −0.39 and −0.57,
respectively) [27]. Mineral absorption was not measured in this study, so
it is not possible to correlate the changes in cell proliferation, or in short
chain fatty acid concentration with changes in mineral absorption. How-
ever, consumption of fermentable dietary fiber can clearly lead to greater
large intestine growth, and to increased cell proliferation and cecal surface
area [27].
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Effects of Specific Fatty Acids on Calcium Absorption

One study has examined the effect of different short chain fatty acids on
colonic calcium absorption in humans [28]. In a novel design, subjects
received rectal infusions of calciumandpolyethyleneglycol (PEG)-containing
solutions. Multiple samples of the rectal fluid were taken for 30 min, and cal-
cium absorption estimated from the disappearance of calcium from the rectal
fluidusing the calcium:PEGratio [28]. The effects of acetate andpropionate on
calcium absorption were assessed by adding various amounts of these short
chain fattyacids to the infusedsolution. Bothacetate andpropionate increased
calcium uptake from the rectal solution. The effect was not pH mediated as
addition of sodium chloride to the infused solution lowered the pH more
than addition of acetate or propionate, but did not increased calcium uptake.
At relatively low concentrations (18.7 mmol/L) acetate and propionate had
similar effects on calciumabsorption. However, at higher concentrations (56.3
mmol/L) calcium absorption was twice as high when propionate was added
to the infusate than when butyrate was added [28]. These concentrations are
similar to those seen in experimental animals fed prebiotic rich diets where
cecal acetate concentrations may be between 40 and 125 mM [6,24,29], and
cecal propionate concentration between 14 and 58 mM [6,24,29]. These data
suggest that the short chain fatty acids increase calcium absorption directly,
rather than acting through a trophic mechanism or through pH-dependent
mechanisms, and that propionate was more effective at increasing calcium
absorption than is acetate.

Bacterial Composition and Calcium Absorption

Prebiotics are known to change the bacterial composition of the large intest-
ine, and it has been speculated that this may partly explain the effects on
calciumabsorption [30]. In a small crossover study indogs consumptionof 1%
w/woligofructose hada significant effect onbacterial composition (including
increased numbers of lactobacilli and bifidobacteria) and a significant effect
on calcium absorption, in the absence of any changes in pH [3].
The role of this change in bacterial composition was examined by compar-

ing theeffect of feeding rats agalactooligosaccharideprebioticwithorwithout
an antibiotic (neomycin) [30]. Calcium absorption significantly increased in
the animals fed the galactooligosaccharide. Neomycin alone had no effect on
calcium absorption, but did significantly increase cecal weight, the weight of
cecal contents, and cecal pH. When neomycin was given with the galactoo-
ligosaccharide, calcium absorption was not different from baseline, showing
that the galactooligosaccharide-induced increase in calcium absorption was
prevented by coadministration of an antibiotic [30]. A second study [2] con-
firmed that antibiotics (in this case neomycin and metronidazole) increased
cecal weight, cecal contents weight, and raise cecal pH [2]. Furthermore,
in ovarectomized rats, antibiotics reduced the loss in femoral weight in
a degree similar to that by oligofructose alone, and the combination of
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oligofructose and antibiotics was the most successful in maintaining femoral
weight [2].

Prebiotics and Active Calcium Absorption

Most of the proposed mechanisms discussed previously have centered on
passive calcium absorption, and relatively few studies have examined active
calcium absorption. Ohta et al. [4] have shown that in rats, gastrectomy leads
to reduced calcium absorption and reduced bone mass despite the fact that
calbindin expression in the distal small intestine, cecum, and colorectum is
increased. Treatment with fructooligosaccharide prebiotics further increased
calbindin expression in the cecum and colorectum, reduced it in the proximal
small intestine, and returned calbindin protein content in the proximal small
intestine to normal.
A similar study in growing rats showed that long-term feeding with oli-

gofructose doubled calbindin-D9k expression in the cecum, while prolonged
feedingwith inulin increased calbindin expression 4-fold [31]. These data had
led to speculation that the prebiotic-mediated increase in calcium absorption
may be partly due to active transport. If so, the data of Ohta et al. would
suggest that the increased active transport would occur mostly in the large
intestine, as this iswhere the effects of fructooligosaccharideoncalbindin-D9k
are most pronounced [4].

Magnesium

Many animal studies have shown that prebiotics can increase magnesium
absorption [3,7,22,23,32–34] although results in humans are more equivocal
[35,36].

Magnesium Absorption

Magnesium absorption is less well studied than calcium absorption, but it
appears to occur with passive and active transport mechanisms, mostly in
the distal small intestine [37] although it can occur along the rest of the
gastrointestinal tract, including the colon [38].

Mechanisms for Prebiotic Enhancement of Magnesium Absorption

Several of the proposed mechanisms to explain the effect of prebiotics on
magnesium absorption are similar to those discussed previously for cal-
cium. These include fermentation to short chain fatty acids that reduces
colonic pH and increases magnesium solubility and absorption [26,32], pos-
sibly combined with a specific effect of some of the short chain fatty acids
produced [32].
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Several studies have shown that prebiotics simultaneously lower colonic
pH and increase magnesium absorption [7,22,25,33], but the evidence for
a causal relationship between the two is less compelling than it is for cal-
ciumabsorption. Consumptionofoligofructosebydogs increasesmagnesium
absorption despite the fact that it does not change fecal pH [3].
Rats fed increasing amounts of inulin [24] showdose-dependent falls in pH

and increases inmagnesiumabsorption. However, the changes inmagnesium
absorption are not mirrored by changes in cecal magnesium concentration or
cecal magnesium content [24] (Table 5.1). Although magnesium absorption
increases as inulin intake increases from 0% to 20%, the amount of soluble
magnesium in the cecal (either concentration or content) plateaus once diet-
ary inulin intake reaches 5%. Soluble calcium content in the cecal, in contrast,
increases in all four dietary groups (Table 5.1). These data are consistent with
increased soluble mineral content in the cecum being a prime determinant of
calcium absorption, but not of magnesium absorption. Furthermore, oligo-
fructose increases magnesium absorption in dogs even though no effect on
fecal pH was seen [3].
In rats, cecectomy reduces magnesium absorption even in rats receiving

prebiotics [23] suggesting that the cecum is an important source of mag-
nesium absorption in the rat, unlike calcium [23]. This is consistent with
data that fructooligosaccharides increase magnesium absorption irrespective
of whether themagnesium is given orally (and so exposed to the whole of the
gastrointestinal tract) or by cecal instillation [39]. Administration of a fructoo-
ligosaccharide prebiotic increased calcium absorption in both cecectomized
and sham-operated animals, but the effect was greater in sham-operated
animals. These data suggest that prebiotics have some, but not all, of their
effect in the cecum [23]. When magnesium absorption along the length of
the rat large intestine is estimated using the magnesium:chromium ratio (see
above) there is little evidence of absorption in rats fed a control diet; how-
ever, there was a significant decrease in magnesium:chromium ratio along
the length of the large intestine in rats fed a prebiotic-containing diet [22].
At least one study has examined the effect of ileal conditions on mag-

nesium absorption [26]. Rats were fed a control diet, or a diet containing
lactose or lactulose in place of glucose. Magnesium absorption was lowest
in the control diet (52% SEM 3), higher in the lactose diet (70% SEM 1), and
highest in the lactulose diet (79% SEM 3) [26]. The type of feed did not affect
the magnesium content of the ileal lumen (either in absolute or fractional
terms), although there was a decrease in ileal luminal pH (control 7.5 ± 0.1,
lactose 7.2±0.1, lactulose 7.0±0.1). Therewas a significant inverse correlation
betweenmagnesium absorption and ileal lumen pH [26]. Changes in ileal pH
were, therefore, associated with a change in magnesium absorption but this
was not mediated through an increase in soluble magnesium available for
passive absorption.
It is possible that specific fatty acids may affect magnesium absorption.

Using Ussing chambers of sheep rumen epithelial cells the effect of pH and
different fatty acids on magnesium uptake can be examined [40]. Decreasing
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pH from 7.4 to 6.4 had no effect on magnesium uptake, while decreasing it
to 5.4 did increase magnesium uptake in sheep [40]. Different fatty acids had
different effects of magnesium uptake. The largest increase in uptake was
seen when butyrate was added to the chamber. Propionate was less effective,
and acetate the least effective. The effect did not appear to be correlated with
metabolism of these fatty acids by rumen epithelium [40].

Other Minerals

Some animal studies have shownbeneficial effects of prebiotics on absorption
of otherminerals, such as iron [5,7,34], zinc [7,41], and copper [7,41], although
human data are more limited [20,35]. However, there are little good data on
possible mechanisms.
Yasuda et al. [34] examined hemoglobin repletion efficacy (as a measure of

iron absorption) in piglets fed a control diet, or a diet containing 2% or 4%
of a blend of prebiotic oligofructose and inulin. Hemoglobin increased in a
dose-dependentmanner as prebiotic intake increased. Total, and soluble, iron
concentrations were measured at different levels of the gut in control anim-
als and those receiving 4% inulin. There were no differences in the stomach,
upper jejunum, or lower jejunum. However, soluble iron contentwas signific-
antly greater in the proximal, mid, and distal colon in the animals fed inulin
compared to controls. The changes in soluble iron were seen even though the
inulin had little if any effect on luminal pH [34].

Summary

There is good evidence that prebiotics increase calcium absorption in animal
models, and in somehumans.Mostmechanistic studies have been carried out
in animal models. Under normal conditions very little calcium is absorbed
in the large intestine. When a prebiotic is given, calcium absorption in the
large intestine increases. This may be related to fermentation of the prebiotics
to short chain fatty acids that lower intra-luminal pH, which increases the
solubility of calcium and thus increase calcium absorption. Other factors such
as an increase in absorptive surface area in the large intestine, the effects of
specific fatty acids (such as propionate), and an increase in active transport
may also have a role to play.
Experiments in animals suggest that prebiotics may increase magnesium

absorption though the data in humans is contradictory. In contrast to calcium,
the rat cecum is probably an important source ofmagnesium absorption. Pre-
biotics increase magnesium absorption in the large intestine, but a simple
theory of the effects of short chain fatty acids and pH on mineral solubil-
ity is probably inadequate to explain the effects of prebiotics on magnesium
absorption.
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Introduction

Dietary factors, including calcium and vitamin D intake, absorption, and
status, lifestyle factors including physical activity, and genetics interact to
determine peak bone mass. The current recommended dietary intake of
calcium (adequate intake, AI) of 1300mg/day in the United States for adoles-
cents is designed to come close to allowing for maximal calcium absorption
and retention [1]. However, this intake is not achieved bymost young adoles-
cents in the United States [2]. In addition to dietary intake, another key
determinant of calcium retention is intestinal absorption. Therefore, consid-
eration of other factors such as the role of prebiotics in mineral absorption,
and thus total bone mineral mass accumulation, is important. Recent animal
and human studies have demonstrated that prebiotics, such as inulin-type
fructans (ITF), added to the daily diet can significantly increase calcium and
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magnesium absorption. Until recently, data in humans have been relatively
scarce with a single study on healthy males [3], followed by more convincing
evidence in postmenopausal women [4] and adolescents [5–7].

Animal Data

Animalmodels have demonstrated enhancedmineral absorptionwith ITF. In
the first report to evaluate the effect of ITF onwhole-body bonemineral para-
meters in animals, it was identified that not only could ITF increase calcium
absorption in male rats, but it was further determined that ITF significantly
increased whole-body bone mineral content (BMC) and whole-body bone
mineral density [8]. This occurred at all levels of dietary calcium intake.
A more recent animal study revealed a significant effect on calcium and

magnesium absorption with ITF consumption at low calcium intakes or
with increased calcium requirements [9]. The degree of polymerization
(DP) was an important factor. Greatest effects in animal studies were seen
when a combination of both short- and long-chain IFT was used [9]. This
effect was repeated in humans by the use of a combination of short- and
long-chain IFT.

Human Data

Males

One study [3]didnot showanyeffect of 15g/day ITFoncalciumabsorption in
young men. However, an important methodological limitation in this study
was that the absorption measurement was limited to 24 h after dosing, a
time period too short to identify the benefits of ITF. Another study, in which
a longer collection was used, found that supplementation with 40 g/day
ITF [10] enhanced calcium absorption in young men who consumed modest
amounts (approximately 800 mg/day) of calcium.

Postmenopausal Women

Research on ITF and postmenopausal women points to an increase in min-
eral absorption. One randomized, double-blindcrossover studyevaluated the
effect of a 9-day intervention of 20 g/day transgalactooligosaccharides (TOS),
a nondigestible carbohydrate, on calcium absorption using dual-method
stable isotope techniques [11]. This intervention was shown to significantly
increase calcium absorption by 16% in postmenopausal women.
Another study in 12 postmenopausal women evaluated the effects of

10 g/dayof a short chain fructooligosaccharide (FOS) for 5weeks [12]. Results
from this study showed that there was no enhancing effect seen for calcium
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absorption. Therewas, however, a trend for higher calciumabsorption among
women in the late postmenopausal phase (>6 years after menopause). Once
again, the DP, or chain length, may be an important factor in mineral absorp-
tion. Itmay be possible that a combination of short- and long-chain ITFwould
result in a greater increase in calcium absorption. It is also possible that the
length of this study was not long enough to show effects.
The most recent study to evaluate calcium and magnesium absorption in

postmenopausal women used a combination of both short- and long-chain
fructans [4]. Fifteen postmenopausal women received 10 g/day of a 1:1 mix-
ture of oligofructose (averageDPof 4) and long-chain inulin fructans (average
DP of 25). Subjects received either the ITF intervention product or placebo
(maltodextrin) using a double-blind, placebo-controlled, crossover design.
Dual-tracer stable isotopeswere used tomeasure fractional calcium andmag-
nesium absorption at baseline and 6weeks. Results from this study showed a
significant increase of 8.4% in calcium and 9.5% inmagnesium absorption rel-
ative to the placebo. This further emphasizes that the benefit is best achieved
with a combination of both short- and long-chain fructans.

Adolescents

Several recent studies have assessed mineral absorption following supple-
mentation with ITF in adolescents. One study examined 12 healthy male
adolescents aged 14–16 years who consumed 15 g/day oligofructose or a
sucrose control for 9 days [13]. Calcium absorption was determined with a
dual-tracer stable isotope technique with 44Ca and 48Ca. Subjects consumed
the ITF daily with 300 mL of orange juice. Results showed an increase in
fractional calcium absorption of 11%.
More recently, a larger study evaluated mineral absorption among 59

adolescent girls [5]. Subjects consumed 8 g/day of oligofructose or a mix-
ture of inulin and oligofructose in a randomized, crossover study. Subjects
consumed the ITFwith 240mL calcium-fortified orange juice twice daily. Cal-
cium absorption was measured with a dual-tracer stable isotope technique
with 42Ca and 46Ca. Results showed that there was no significant benefit
to calcium absorption from the oligofructose consumption. However, mod-
est amounts (8 g/day) of a mixture of inulin and oligofructose significantly
increased calcium absorption by 6% in young girls at or near menarche.

Longitudinal Study of Calcium Absorption and Bone
Mineralization in Adolescents

We have recently completed the most comprehensive study of the effects
of ITF supplementation in adolescents [14]. This study evaluated both
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short-term outcomes (calcium absorption) and long-term outcomes (persist-
ent increase in absorption and bone mineralization) in a cohort of 100 young
adolescents enrolled in a 1-year intervention.
We identified 50 girls and 50 boys for this study. All subjects were between

9.0 and 13.0 years of age and were selected to approximately match the
ethnic distribution of the greater Houston area. All subjects received a screen-
ing physical examination including Tanner staging prior to inclusion in the
study. Subjects were eligible if they were healthy, Tanner Stage 2 or 3, and
premenarcheal (girls).
The studydietitianobtaineddietaryhistories fromthe subjects todetermine

food preferences and dietary intake. Inpatient menus for the overnight study
visit were based on usual calcium intake. Subjects received weighed diets at
the General Clinical Research Center (GCRC) to accurately determine intake.
In addition, the subjects were instructed to keep weighed food records at
home for 6 days during the study: a 2-day period after the first overnight
visit, a 2-day period 8 weeks later, and a 2-day period after the 1-year visit.
To reflect the marketplace changes in dietary food contents during the study,
dietary intake data were collected with the use of the Nutrition Data System
for Research software (versions 4.03 and 4.05; Nutrition Coordinating Center,
University of Minnesota, Minneapolis).
Subjects were admitted for 24-h baseline study at the GCRC of Texas Chil-

dren’s Hospital in Houston, TX. During this stay, measurements of calcium
absorption and bone mineralization were carried out.
At the end of this baseline study, subjects were randomized and strat-

ified by gender to one of two carbohydrate supplement groups: either
8 g/day oligosaccharides of an ITF (Synergy1� Orafti N.V., Tienen Belgium)
or maltodextrin placebo. The ITF was a cospray dried 1:1 mixture of oli-
gofructose (average degree of polymerization, DPav = 4) and long-chain
inulin (DPav = 25). Maltodextrin was chosen as the placebo control because,
contrary to the ITF, it is completely digested in the upper intestinal tract
and does not interfere with the metabolic activity of the colonic flora. In
addition, its sensory and other characteristics were virtually indistinguish-
able from those of the ITF; therefore, it served as a better control than did
sucrose.
Subjects were provided with the ITF sachets and instructed to mix it

with 180–240 mL of calcium-fortified orange juice and to drink it with
breakfast daily for 1 year. In order to provide some dietary variation, sub-
jects were also allowed to use milk to mix the carbohydrate supplement.
Dietary recalls and discussions with families demonstrated that all sub-
jects primarily used orange juice, which accounted for over 95% of total
study days.
Stable isotope studies were performed as previously described [5–7]. Sub-

jects received a breakfast that contained approximately one-third of their
daily intake of calcium (including the tracer-containing juice). At the end
of the breakfast, subjects were given 20µg of 46Ca which had been mixed
with 240 mL of calcium-fortified orange juice. Different breakfast items were
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used to reflect the usual pattern of calcium intake of the subjects, but the cal-
cium content of the isotope-containing meals was the same in each subject.
After breakfast, 42Ca (1.2 mg) was infused over 2 min via a heparin-lock
catheter. Beginning with breakfast, a 48-h urine collection was obtained.
This time period was chosen because of evidence that ITFs may increase the
absorption of calcium in the large intestine. This would necessitate a longer
collectionperiod than the24-h timeperiodusuallyused in suchstudies to fully
identify an effect [6]. A complete 24-hurine collectionwasobtainedduring the
in-patient stay at theGCRCand subsequently, subjects collected a second 24-h
urine output at home after discharge [7]. Calcium absorption was calculated
from the relative recovery of the oral and the intravenous tracers during the
entire 48-h study period.
Whole body BMC was determined using a Hologic QDR-4500A dual-

energy x-ray (DXA) absorptiometer (Hologic, Inc., Waltham, Massachusetts)
scanning in the fan-beam mode.
The subjects were called at home during the 1-year period to obtain mul-

tiple 24-h dietary recalls of the previous day’s intake and to ensure that the
subject maintained a relatively consistent calcium intake (800–1200 mg cal-
cium/day) throughout the 1-year intervention. After consuming the ITF or
placebo daily during the 1-year intervention period, subjects returned for a
follow-up visit in whichmeasurements of calcium absorption and BMCwere
performed.

Analytic and Statistical Methods

Urine samples were prepared for thermal ionization mass spectrometric ana-
lysis as previously described by using an oxalate precipitation technique
[15]. Samples were analyzed for isotopic enrichment with a magnetic sector
thermal ionization mass spectrometer (model MAT 261; Finnigan Bremen,
Germany).
Comparisons of responders and nonresponders were made using a gener-

alized linear model (analysis of variance, ANOVA). Analysis also included
those who did not receive the ITF with post hoc paired analysis performed
when the initial differences were significant, p < .05. Gender, ethnicity, and
Tanner stage at enrollment were included as covariates in all models; other
covariates depended on the specific analysis being carried out. Analyseswere
performed using SPSS 13.0 for Windows (SPSS, Inc., Chicago, Illinois). All
data are presented as the mean ± SEM and values are considered significant
when p < .05.
Sample size was determined on the basis of our earlier study, in which we

found a 6% change in fractional calcium absorption in girls after adding an
ITF to their diet for 3 weeks. Therefore, enrollment of 80 subjects had a power
< 0.9 (p < .05) to identify this difference. Estimating a 20% dropout rate by
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1 year, we enrolled 100 subjects (50 of each sex). Ultimately, only 8% of the
subjects failed to complete all aspects of the study.

Results

Of the 100 subjects who were enrolled and randomly assigned to the ITF
or the control group, two (both in the ITF group) failed to complete the
baseline absorption study. Both dropouts were from the ITF group. Of these,
one subject dropped out because of a failure to tolerate the ITF (increased
stool frequency and diarrhea), and the other subject dropped out because
of noncompliance with the study procedures unrelated to the carbohydrate
assignment. Three additional subjects (all in the control group) dropped
out between baseline and 1 year for personal reasons that were unrelated
to the group assignment. At 1 year, three additional subjects were unable
to complete the absorption studies, but did complete the bone mineral
measurements.
The mean (± SEM) age of the subjects at the start of the study was 11.6±

0.1 years. Ethnicity distribution was similar to that of the greater Houston
area. Compliance with daily carbohydrate supplementation was not signific-
antly different between groups (84% in the ITF group and 81% in the control
group). There was no significant relation between fractional absorption and
compliance at any time period.
Total urinary calcium levels at the three time points (baseline, 8 weeks, and

1 year) were compared. Mean (± SEM) urinary calcium was 81 ± 7 mg/day
at baseline, 78± 5 mg/day at 8 weeks, and 87± 6 mg/day at 1 year (p < .10,
repeated measures analysis of variance). These results suggest no differences
in the completeness of the urine samples collected at home and those collec-
ted while the subjects were inpatients. There were no differences in urinary
calcium between the ITF and control groups at any time point (p < .2 at each
time point after correction for ethnicity, sex, and Tanner stage).
Calcium intakewasmaintained throughout the study at the subject’s usual

intake, and therewere no significant differences in calcium intake between the
groups. The mean (± SEM) calcium intake at baseline was 907± 33 mg/day,
959± 33 mg/day at 8 weeks, and 906± 29 mg/day at 1 year.
We used an increment of more than 3.0% in calcium absorption at 8 weeks

compared to baseline todefine “responders” to the intervention. Basedon this
definition, 32/48 (67%) of subjectswho received 8g/dayof ITFwere classified
as responders. In contrast, only 17/50 (34%) of subjects who received the
placebo responded.
To evaluate differences between responders and nonresponders receiving

the ITF, we compared both percent and total calcium absorption among these
subjects. Therewasno significantdifferencebetweengroups in calcium intake
or urinary calcium excretion. Total absorbed calcium was 95 mg/day greater
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in responders compared to nonresponders (p < .01) and 87 mg/day greater
in responders compared to placebo.
Although endogenous fecal calcium excretion was not assessed in this

study, based on available data relating absorbed calcium and endogenous
excretion, one could expect that the greater absorbed calcium in the ITF group
led to a greater level of endogenously excreted calcium of 10–20 mg/day
[15,16]. Thus, it is reasonable to calculate the net benefit in retained cal-
cium from the ITF intervention as approximately 65–75 mg/day among
responders.

Discussion

Wefound that 8g/dayofboth short- and long-chain fructans led to an increase
in calciumabsorption at 8weeks, which further predicted a substantial benefit
in both short-term calcium absorption compared to placebo or nonrespon-
ders and long-termwhole body bonemineral accumulation. Using the values
derived fromDXAresults, it canbe calculated that about 15gof additional cal-
ciumwould be added to the skeleton each year in responderswhen compared
with nonresponders.
The mechanism by which this enhancement of mineral absorption occurs

remains unclear. Several theories of mechanism have been postulated to
explain how ITF increases calcium absorption [17]. First, enhanced pass-
ive calcium absorption in the colon may result from ITF fermentation and
short-chain fatty acid production, which lowers the luminal pH and increases
calcium solubility. Second, short-chain fatty acids may have a direct effect
on transcellular calcium absorption. Third, the main short-chain fatty acid
involved is butyrate, which induces cell growth and increases absorptive
surface area of the gut, changing the microflora of both the small and large
intestines. Further studies to investigate the mechanism of increased mineral
absorption with ITF are warranted.
Genetics, usual dietary inulin intake, other aspects of diet which may

enhance or inhibit absorption, or unidentified factors including compliance
with the intervention or diet may affect response. It is reasonable to consider
the relative ITF benefit and how it might relate to other potential interven-
tions. There are no dietary or other interventions in children or adolescents
other than increasing calcium intake that have been shown to have this mag-
nitude of long-term effect [1]. Data regarding vitamin D supplementation
are minimal at this point in young adolescents [18]; however, it is an active
area of interest and further investigation should continue. The net benefit
of about 65 mg/day retained calcium, if one assumes a retention fraction of
20%, 25% (pill supplements or dietary calcium source, respectively), would
require a dietary increase in calcium intake or supplementation of about
250–320 mg/day.
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It is advocated that young adolescents achieve an intake of calcium at the
current AI of 1300mg/day. However, only a very small percentage of adoles-
cent girls achieve intakes of 1300 mg/day [1,2]. Most adolescent girls in the
UnitedStates andmanycountries report calciumintakesof about900mg/day,
consistent with intakes seen in our study among adolescent boys and girls.
The effect of ITF to increase calcium absorption similar to what might occur
with an increase in calcium intake of 250–320 mg/day, would be the equival-
ent of moving the 50th percentile calcium intake in this population closer to
the 80th percentile of usual intakes for girls [1].
Although thismagnitudeof effectmaynotbemaintainedover a longperiod

of time, the same could be said for the use of dietary and other supplemental
forms of calcium. A significant benefit to ITF is maintained during the cru-
cial pubertal bone growth peak. Thus, multiple strategies can and should
be advocated to enhance the achievement of peak bone mass including both
enhancement of calcium intake and calcium absorptive efficiency. Aswe gain
further understanding of the underlying mechanism determining response
or nonresponse to interventions such as ITF, these strategies and their public
health role will become more apparent.
Thiswas thefirst studyof adequateduration to evaluate long-termeffects of

ITF on bonemineralization in humans. Future research to evaluate long-term
effects while investigating genetic factors, physical activity, mineral intake,
body mass index, and mechanism of action would be beneficial.
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Introduction

The immune system is distributed throughout the body to provide defense to
the host against a variety of pathogens. It can be categorized into a number of
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anatomicallydifferent compartments thatdevelop specific immune responses
dependent upon the body tissue considered. Mucosal surfaces are part of
the immune system; they are composed of the respiratory, genitourinary,
and gastrointestinal tracts. They are all thin permeable barriers that allow
exchanges between the exterior and the interior of the body, rendering them
susceptible to infection.
The primary function of the gastrointestinal (GI) tract is to digest food.

There is a selective transport of molecules across the mucosa as the intestinal
mucosa is constantly being challenged by pathogens. It has to inhibit their
adhesion and invasion by developing an immune response and simultan-
eously permitting the uptake of dietary components.
The first part of this chapter describes the anatomy of the GI tract as well as

its secretions, which constitute a barrier to pathogens and therefore contribute
to the mucosal protection of the gut. The second part will describe coloniz-
ation of the gut by commensal microorganisms that contribute towards the
protection against pathogens but can also be a cause for the development of
disease. Third, mucosal immune function of the GI tract will be presented
with regard to innate and adaptive immunity.

Gut Composition

The intestinal mucosa in an adult has a surface area of almost 400m2 when
the villus-crypt structure exists in an unfolded manner [1,2]. It is a complex
structure that separates the internal from the external environment. Foreign
substances (such as foods) and microorganisms (such as pathogens) con-
stantly challenge the mucosal surface, which therefore plays an important
role as an interface with the external environment preventing nonselective
passage of antigen into the body.
The GI tract can be described as a barrier with the following characteristics:

a physical barrier that is composed of epithelial cells lining the digestive
tube, tight junctions that bind them together, and a chemical barrier which
consists of secretions that can influence epithelial cells and maintain barrier
function.

The Physical Barriers of the Gut

The structure of the gut mucosa consists of a single layer of epithelial cells
[3] that are bound toone another by tight junctions at the apical surface sealing
the gut from the lumen.
The four layers of the small intestine (serosa, muscularis propria, sub-

mucosa, and mucosa) all contribute to its capacity for mixing, digesting,
absorbing, and distributing nutrients [4]. The mucosa is of particular interest
as it is the structure that can be defined as the interface between the inside
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and outside of the body and, therefore, where pathogens can potentially chal-
lenge the host. Its epithelium features mucosal folds (visible folds in the
small intestine), villi and microvilli, which account for its huge absorptive
surface area.
Villi cover themucosawith extensive fingerlike projections (approximately

0.5–1.5mm long) that protrude into the lumen and are coveredwith epithelial
cells. They consist of a continuous layer of epithelial cells and the underlying
lamina propria. The epithelial layer is predominantly composed of mature,
absorptive enterocytes that performabsorptive functions of the gut [5] but can
also induce innate inflammatory responses to protect the host against inva-
sion. Some occasional mucus-secreting Goblet cells can be found. Microvilli
cover the luminal plasma membrane of absorptive epithelial cells. They are
extensions of the apical cell membrane and compose the brush border.
At the base of the villi, the epithelium enters the lamina propria and forms

the crypts of Lieberkühn [4] (Figure 7.1). Both the villi and crypts form both
structural and functional essential components of the small intestine. They are
likelymaintainedby a balance of expanding forces derived fromcapillary and
interstitial pressures on one side and contracting forces produced by intersti-
tial cells and extracellular matrices on the other [6]. The crypts are primarily
lined with undifferentiated cells or proliferating cells of the crypt-villus axis.
Differentiation occurs as these cells migrate up the crypt. No division occurs
on the villi. In other words, the base of the crypts is composed of stem cells
which continually divide and provide the source of all the epithelial cells in
the crypts and on the villi. The renewal process is perpetual, for example, cells
take 2–7 days to reach the tip of the villus from the crypt before extrusion into
luminal contents [7].
A number of pathways have been shown in animal models (e.g., mouse)

to regulate the maturation of crypts and villi and the distribution of various
differentiated cell types along the crypt-villus axis. Indeed, mutations in the
hedgehog, platelet-derived growth factor (PDGF), or bone morphogenetic
pathway (BMP) signaling pathways result in alterations of the crypts and
villi formation. Besides, mutations in the Wnt (secreted glycoproteins that
bind to frizzled seven-transmembrane receptors), Notch, and Eph/ephrin
(Erythropoietin-producing hepatoma) pathways can change distribution of
the cell types [7].
There are five different cell types existing on the crypt-villus axis, such

as absorptive enterocytes, goblet cells, enteroendocrine cells, Paneth cells,
and M cells [8]. Goblet cells, enteroendocrine cells, and Paneth cells are all
secretory cells (Figure 7.2).
Absorptive enterocytes express an array of gene products enabling them to

digest and absorb many nutrients, such as brush border enzymes, structural
proteins, receptors, and carriers. As they move up the villus, they acquire
longer microvilli allowing an increase in the absorptive capacity of the small
intestine.
Paneth cells are found at the bases of the crypts. They contain large apical

eosinophilic secretory granules. They have an important role to play in host
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FIGURE 7.1
Diagram showing the distribution of the cells on a crypt and villus of the intestine [7]. Villi and
crypts form both structural and functional essential components of the small intestine. Stem cells
are located at the base of the crypt. Paneth cells are also found in the crypt. Thus, the crypts are
primarily lined with undifferentiated cells. Differentiation occurs as cells migrate up the crypt,
they first become transit-amplifying cells in the crypt, followed by fully differentiated cells on
the villus (absorptive cells, Goblet cells, enteroendocrine cells). (Modified from Potten CS. Philos
Trans R Soc Lond B Biol Sci 1998; 353(1370):821–30. With permission.)

defense and mucosal barrier function due to their abundant expression of
lysozyme, defensins (cryptdins), and antibiotic proteins that have potent
antimicrobicidal activity.
Enteroendocrine cells arise from undifferentiated crypt stem cells. They are

known to produce neuroendocrine products such as somatostatin, glucagon-
like immunoreactivity, and serotonin. Their secretory granules appear in the
basal cytoplasmbelow the nucleus ready to be secreted by exocytosis through
the basal membrane into the lamina propria. They have diverse effects on
bowel motility, enterocyte secretion, and cell proliferation.
Goblet cells are polarized mucus-secreting cells present throughout the GI

tract, higher numbers being found in the ileumand jejunum. They canmature
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Absorptive cell

Goblet cell Enteroendocrine cell

Intestinal stem cell

Paneth cell

Secretory cells

FIGURE 7.2
Schematic representation of the different cells (absorptive and secretory) found on the intestinal
villi [7]. Absorptive cells express gene products that enable them to digest and absorb many
nutrients. They have a brush border composed ofmicrovilli whose size increases as theymove up
the villus allowing for amore efficient absorption. Paneth cells (located at the bottomof the crypt)
secrete awidearrayofproteinswhichhavepotent antimicrobicidal activity. Enteroendocrine cells
secrete neuroendocrine products (hormones such as peptides and catecholamines). Goblet cells
are mucus-secreting cells. (Modified from Cheng H, Leblond CP. Am J Anat 1974; 141(4):537–61.
With permission.)

when they migrate from the crypts to the villi. They contain granules in their
apical cytoplasm filled with mucus. The mucus lies as a continuous layer
on top of the glycocalyx forming a physicochemical and lubricant barrier.
Mucus is composed of mucins and is mostly present in the stomach and the
duodenum.
Mcells (ormicrofold cells) provide functional entry of largemolecules in the

epithelial barrier through active vesicular transport activity. M cells are loc-
ated on the overlying layer of follicle-associated epithelium (FAE) of Peyer’s
patches [9]. They have microfolds on their luminal surface, instead of the
microvilli present on absorptive epithelial cells. M cells lack a typical brush
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border surface and they do not secrete mucus. They are thus adapted to inter-
act directly with large molecules within the lumen of the gut, that is, they
serve as antigen-sampling cells. M cells can take up large molecule antigens
from the gut lumen by endocytosis or phagocytosis, which rapidly put these
antigens into direct contact with immune cells, thereby initiating protective
mucosal immune responses [10].
Epithelial cells are tightly bound together tominimize largemolecular flow

between adjacent cells. These tight junctions are called zonula occludens.
Tight junctions encircling gastrointestinal epithelial cells are a critical com-
ponent of the physical barrier. It is essential that integrity of this barrier is
maintained throughout the digestive track to sustain a high degree of imper-
meability to pathogens, while at the same time absorbing nutrients. These
structures were previously viewed as passive barriers but recent studies have
indicated that they are much more dynamic than previously thought and
their permeability may be regulated by a number of factors that affect epi-
thelial cells. Cytokines [e.g., tumor necrosis factor (TNF-α), interferon gamma
(IFN-γ), and interleukins 4 and 13 (IL-4 and IL-13)] as well as substances
secreted by pathogens can modify the permeability of the tight junction [11].
The intestinal epithelium is now considered as an active physical barrier
maximizing host health by reacting to changes in nutrient conditions and
microorganisms [12].
The lamina propria (part of the mucosa layer) is the continuous connective

tissue core of the villus, dividing the epithelium from the muscularis muco-
sae. It is composed of several types of cells and vascular structures such as
immune cellular components (e.g., lymphocytes, macrophages, granulocytes,
plasma cells, and mast cells). Dimeric immunoglobulin A, produced by lam-
ina propria plasma cells, can be secreted into the intestinal epithelium. IgM
and IgG are also secreted but at much lower levels. Peyer’s patches are local-
ized aggregates of lymphoid follicles (mostly in the ileum). They contain M
cells and will be described later.

Chemical Barriers of the Gut

Mucus coats the entire gastrointestinal epithelium (up to 450 µm in the
stomach) [2] and is secreted by Goblet cells. This layer is continuous in the
GI tract, except overlying Peyer’s patches. It serves an important role in
reducing shear stresses on the epithelium and contributes towards physical
barrier function [13]. Mucus is composed of mucoproteins, called mucins.
Mucins are native glycoproteins in which O-linked glycosylated regions
comprise 70–80% of the polymer [14]. Carbohydrates constitute the poly-
saccharide components of mucin. Five types of carbohydrates are involved:
galactose, fucose, N-acetylglucosamine, N-acetylgalactosamine, and sialic
acids. There are many mucin subtypes throughout the GI tract due to
the different possible linking combinations of the carbohydrates. It is the
polysaccharide structures that come into contact with bacteria. Thus, they
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TABLE 7.1
Different Components of the Intestinal Innate
Immune Mechanisms

Physical barrier Epithelial cell monolayer
Intestinal motility

Chemical barrier Gastric acid
Antimicrobial peptides (defensins)
Trefoil proteins
Mucus

Immunoglobulins Secretory IgA
Secretory IgM

Microbial Commensal microflora

Source: From Yuan Q, Walker WA. J Pediatr Gastroenterol
Nutr 2004; 38:463–73. With permission.

play an important role in cell–cell recognition. Mucins are defensive due to
their capacity to entrap microbes but they also facilitate gut colonization by
commensal bacteria [15].
Antimicrobial peptides are secreted by Paneth cells. Defensins are the pre-

dominant class of those peptides. Others include cathelicidins and cryptdin-
related sequence peptides. Most of these antimicrobial molecules are cationic
to ensure efficient binding to an anionic bacterial surface polymer [16]. They
have direct antibiotic activity against a wide range of microbes. It has also
been shown that a decrease in defensin secretion could be linked to the
pathogenesis of Crohn’s disease [17].
Trefoil proteins are a family of small peptides that are secreted by Goblet

cells. They have a distinctive motif of six cysteine residues and conserved
arginine, glycine, and tryptophan residues, termed a trefoil motif or a
P domain [18]. They are expressed at various sites throughout the GI tract
[19] and coat the apical surface of epithelial cells. They seem to be involved
in mucus stabilization, mucosal integrity, repair of injury, and a limita-
tion of cell proliferation [20]. The essential components of intestinal innate
immune mechanisms found in physical and chemical barriers of the gut are
summarized in Table 7.1.

The Commensal Microflora

Establishment of the Flora

The human gastrointestinal track is sterile at birth. Bacterial colonization
begins at delivery as an important event in the normal development of the
mucosal immunity. Themajority of the initial flora is composed of facultative
anaerobic strains such as Escherichia coli and strict anaerobes. However, levels
and frequency of the various species that colonize the infant gut are related to
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a number of factors such as the female genital tract, fecal and skin microbial
flora, sanitary conditions and mode of delivery (vaginal or caesarean), and
the type of feeding [21,22]. As a result, gut flora of infants born by caesarian
sectiondiffers significantly from that of vaginally born infants [23]. Enterobac-
teria and streptococci dominate the initial colonization, followed by the more
strictly anaerobic bifidobacteria and bacteroides.
Breast-fed and bottle-fed infants have very different gut microflora; the

latter have increased numbers of facultative anaerobes, bacteroides, and
clostridia, whereas breast-fed infants usually have very high numbers of
bifidobacteria, with a possible increase in coliforms and bacteroides [22,24].
Hopkins et al. [25] showed that there was increased numbers of bifidobac-
teria in breast-fed babies and higher numbers of desulfovibrios in bottle-fed
children using real-time PCR and northern hybridization analyses. However,
the composition of the flora changes at the time of weaning and differences
between the two groups of children become less noticeable. Modifications in
the luminal environment due to diet and the genetic expression of molecules
on the epithelium itself are partly responsible for this change in themicroflora.
Complete colonization is reached at 2 years when the microbiota becomes
more developed and the ecosystem evolves to a certain stability.

Diversity of the Flora

Microorganisms populate the entire GI tract, which consists ofmore than 1014

bacteria of more than 500 different species. However, the number of flora and
species composition varies dramatically according to the area of the gut con-
sidered, for example, bacteria are not evenly distributed throughout various
sections of the GI tract [15]. There is a symbiotic relationship between the host
and itsmicroflora. Studies have shown that a “normal” colonization of the gut
is essential for normal gut morphological and immunological properties [26].
Indeed, specific strains of bacteria (such as Bacteroides thetaiotaomicron) have
been shown to modulate the expression of host genes related to important
intestinal functions including nutrient absorption, mucosal barrier function,
and intestinal maturation [27].
The microbial ecosystem is very complex, especially in the colon, which

is the most heavily populated area of the tract (1012/g of contents). At this
site, there are Gram-negative anaerobes (bacteroides) and gram-positive rods
(bifidobacteria, eubacteria, clostridia, lactobacilli) compared tovery lownum-
bers in the stomach due to its acidity (about pH 3). More than 500 species
are present with 100-fold more anaerobes than aerobes. Bacterial content
can be analyzed in feces even though a significant number cannot be cul-
tured by conventional methods. It has now become a challenge to develop
molecular techniques based on rRNA profiles that allow identification and
quantification of a more accurate bacterial population in the gut [28–30]. The
combination of microarray technology (metagenomics) and the subsequent
quantization of each identified species usingmolecular techniques allows for
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a relatively rapid analysis of the whole bacterial population in human health
and disease [31]. Bacteria that are ingested are part of the total intestinal
population and can be classified either as potentially harmful or potentially
beneficial. Fuller and Gibson [32] have outlined these two bacterial types
on the basis of their potential pathogenicity, for example, clostridia and sta-
phylococci, which are pathogenic and produce toxins; or health-promoting
functions, for example, lactobacilli and bifidobacteria, which are beneficial as
they can stimulate immune functions through nonpathogenic means.
An equilibrium of normal flora is thought to vary fromperson to person. In

addition, an imbalance in thismicroflora equilibriumof agiven individual can
induce conditions such as diarrhea, inflammation, necrosis, ulceration, and
intestinal perforation [33]. The total microflora is composed of resident and
transient species. Theyuse specificglycoconjugateson the intestinal surface as
receptors to colonize a region of the gut. These sugarmoieties therefore facilit-
ate adhesionby resident bacteria andalsodetermine the actual compositionof
intestinal flora. Glycoconjugate specificity depends on the region and on the
developmental stage of the intestine since the enzymes that are responsible
for adding glycoconjugates to glycoprotein and glycolipids on the intestinal
epithelium are species-specific, tissue-specific and regulated development-
ally [34–36]. It has been shown that in the nursing rodent, glycoproteins on
the apical surface contain a high sialic acid to fucose ratio whereas, in the
adult, they contain a high fucose to sialic acid ratio [34,37,38]. Those gly-
coconjugates expressed on the surface of enterocytes are likely to provide
major bacterial-binding sites and will therefore participate in determining
colonizing commensal flora. Thus, it appears feasible that a modification in
glycosylation could result in an opportunity for pathogens to attach on the
surface of the intestinal lumen, enabling colonization and invasion of the
barrier [33] leading to inflammatory responses.

Mucosal Immunity

Introduction

Innate and adaptive immunity are two essential components of the host’s
immune defense system. Innate immunity is a nonspecific response which is
a delayed response that does not decrease with repeated exposure to a given
pathogen, as opposed to adaptive immunity that generates the production of
antibodies against a specific pathogen, resulting in lifetime immunity against
that particular pathogen. Innate immunity provides the first line of defense
against many microorganisms and is essential for the control of common
infections. It is present in all tissues and organs, especially the intestinal tract,
the genitourinary tract, the respiratory tract, and the skin (e.g., organs jux-
taposed with the external environment containing foreign antigens). Innate
immunity is a nonspecific response against invading microorganisms but it
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also plays an essential role in the initiation and subsequent direction of the
adaptive immune response itself as well as participating in the removal of
pathogens that have been targeted by an adaptive immune response. It is
also crucial as the adaptive immune response involves a delay of 4–7 days,
and therefore the innate immune response provides an immediate protection
against the invading pathogens [10].
Adaptive immunity (or acquired immunity) is mediated by lympho-

cytes (white blood cells), which have evolved to provide a more flexible
means of defense. They provide increased protection against subsequent
reinfection with the same pathogen. Immunoglobulins and T-cell recept-
ors have acquired the ability to recognize any pathogen that the host might
encounter. Clonal expansion of lymphocytes occurs when reactive recept-
ors for a pathogen are needed to evoke a protective response. T-cells
bearing a receptor that recognizes molecules from the host (e.g., autoanti-
gens) are eliminated through clonal elimination to prevent autoimmune
disease [39].
It is important to realize that both the innate and adaptive immune systems

are intrinsically linked. If the innate immune response is compromised then
the adaptive immune response can only offer weak protection.

Gut-Associated Lymphoid Tissue

Gut-associated lymphoid tissues (or GALT) aremucosa-associated lymphoid
tissues lining the gut. They are comprised of tonsils and adenoids, Peyer’s
patches of the small intestine, appendix, and solitary lymphoid follicles in the
large intestine and rectum. The GALT contains important regulatory cells of
the mucosal immune system such as lymphocytes and phagocytes. Lymph-
ocytes are a class of white blood cells bearing different types of cell-surface
receptors for antigens so that they can organize a selective andpotent immune
response against harmful foreign pathogens. Phagocytes (macrophages or
neutrophils) are cells which play a major role in sampling, presentation, and
destruction of pathogens [40]. They are able to take up and destroy bacteria
by ingesting them into their phagosome.
Peyer’s patches are important sites for the induction of immune responses.

They are associated with dome-like follicle-associated epithelial structures of
which 10% of the cells are M cells [41,42]. M cells can selectively transport
antigens across the epithelial barrier to organized lymphoid tissueswithin the
mucosa of the small and large intestines [43]. However, it has been recently
shown that dendritic cells can also sample the luminal contents of the gut
for the presence of antigens [44–46] by protrusions between enterocytes into
the intestinal lumen. The aggregations of lymphoid follicles forming Peyer’s
patches are easily identified throughout the small and large intestines. They
consist of B cell follicles and germinal centers surrounded by regions that
mostly contain T-cells. Peyer’s patches are specialized sites where B cells can
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FIGURE 7.3
Diagram showing the different cellular components of themucosal immune system [116]. M cells
(specialized in sampling), Paneth cells (specialized in antimicrobial peptides release), and intrae-
pithelial lymphocytes (IEL specialized in quick response to stimulus) are distributed within the
polarized monolayer of tightly bound epithelial cells. At the basal surface of the epithelial cells
are located dendritic cells (which can sample lumenal contents) and lymphocytes. This forms
a functional barrier ensuring the protection of the host frommicroorganisms. (From Cherayil BJ,
Walker WA.Microbial Pathogenesis and the Intestinal Epithelial Cell.Washington, DC: ASM Press;
2003. With permission.)

become committed to synthesizing IgA. Figure 7.3 shows the components
involved in the mucosal immune system.

The Innate Immune System

Cells of the Innate Immune System

The innate immune system is composed of many cell types including white
blood cells (exclusive of B and T lymphocytes). They are macrophages,
dendritic cells, mast cells, neutrophils, eosinophils, and NK cells.
Macrophages are the major resident phagocytic cells in the gut. They are

found throughout the lamina propria, principally in the subepithelium, as
well as clustered in Peyer’s patches [47,48]. Macrophages that are found in
the lamina propria lack CD14 expression, an essential coreceptor for toll-
like receptor 4 and are therefore lipopolysaccharide hyporesponsive, thus
preventing an inappropriate activation if inflammatory signals are expressed
in response to LPS from commensal bacteria [48,49].
Immature dendritic cells are phagocytic and endocytic and thereby engulf

and process antigens. When mature, they are antigen-processing cells found
in the lamina propria. They have cytoplasmic extensions that protrude across
intact tight junction barriers through the enterocyte into the lumen to sample
the luminal contents [1,45,50].
Clusters of paneth cells are found at the bottom of each crypt. They derive

from the same stem cells that give rise to enterocytes. They are secretory
cells that release a wide spectrum of antimicrobial peptides (e.g., defensins)
involved in the innate immune system [48].
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Mast cells differentiate in tissues. They are found near small blood vessels
and have the ability, when activated, to release substances affecting vascular
permeability. They contribute toward the protection of mucosal surfaces [10].
Those innate immune cells activate an inflammatory response when there

is infection with a pathogen. The activated cells then differentiate into short-
lived effector cells with an aim to eradicate the infection. If the infection is
contained then the adaptive immunity process is not activated. However,
if the innate immune system is unable to completely free the host from the
infection, the adaptive immune system becomes involved.

Pattern-Recognition Receptors

Innate immune recognition is mediated by germ-line encoded receptors.
Therefore, for example, the specificity of each receptor is genetically predeter-
mined [51]. The strategyemployedduring this typeof responseof the immune
system is based on the recognition of a few, highly conserved structures
present on various types of microorganisms. These so called pathogen-
associated molecular patterns (PAMP) include bacterial lipopolysaccharide,
peptidoglycan, lipoteichoic acids, mannans, bacterial DNA, double-stranded
RNA, and glycans. The important characteristics of these PAMPs are that
they can only be produced by pathogens. They are usually essential for their
survival and these invariant structures are shared by entire classes of patho-
gens. Receptors of the innate immune system that recognize PAMPs are called
pattern-recognition receptors (PRR), they have the ability to induce an innate
immune response [52]. The cells that express those PRR are called antigen-
presenting cells (APC) and are typically macrophages and dendritic cells,
although they can be expressed on epithelial and endothelial cells. These
cells can therefore recognize foreign ligands during early stages of the innate
immune response. The recognition step is then followed by uptake and sur-
face presentation in conjunction with MHC Class I and II molecules [53],
which can activate effectormechanisms of specific T andB lymphocytes of the
adaptive immunity. They work in conjunction with macrophages to enhance
the destruction of intra- and extracellular pathogens [53].
There are several types of pattern-recognition receptors including soluble

secreted receptors, those that affect endocytosis and those that elicit a signal
response [51].
A receptor from the secreted class that has been well characterized is the

mannose-binding lectin (MBL), which is amultifunctional lectin. It is a broad-
spectrum recognition molecule against a wide variety of infectious agents. It
binds to the microbial carbohydrates of gram-positive, gram-negative bac-
teria and yeast to initiate the lectin pathway of complement activation and
appears to have a role as a modulator of inflammation [54,55]. Pattern recog-
nition capabilities are coupled to effector function, enabling them to interact
with other molecules of the immune system. They can therefore serve as a
link between the innate and the adaptive immune systems [56].
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The endocytic class is comprised of receptors that occur on the surface
of phagocytes [51]. When a PRR from the endocytic class recognizes a
PAMP, it mediates uptake and delivery of the pathogen into lysosomes
where they are destroyed. The mannose receptor (MR) is an example of an
endocytic receptor. It belongs to the C-type lectin superfamily and binds to
mannose carbohydrate moieties on pathogens (such as bacteria, fungi, and
viruses) [57].
The signaling class of PRR recognizes pathogen associated molecular pat-

terns of microorganisms and activates a signal-transduction pathway. The
types of PRR that fall into this category are the cytosolic nucleotide-binding
oligomerization domain (NOD) and receptors of the toll family, known as
toll-like receptors (TLRs).
Two components of the NOD group, NOD1 and NOD2, have been shown

to be involved in the regulation of intestinal immunology: they bind to bac-
terial cell wall components and induce activation of the nuclear factor κB
(NF-κB) pathway. NOD1 was shown to bind to a tripeptide motif found in
Gram-negative bacterial peptidoglycan [58] andNOD2 tomuramyldipeptide
derived frompeptidoglycan [59]. NOD2deficiencyhasbeen linked toCrohn’s
disease as the patient lacks responsiveness to some bacteria.

Toll-Like Receptors

The first receptor of the toll family was identified by Hashimoto et al. [60] in
Drosophila as a component of a signalingpathway that controls dorso-ventral
polarity in fly embryos. The TLR family consists of 13 mammalian members
(10 in humans). EachTLRhas its own intrinsic signalingpathway and induces
specific biological responses against targeted microorganisms. Differences
between each TLR are dependent on their ligand specificities, expression pat-
terns, and the target genes induced (Figure 7.4). Structurally, all mammalian
TLRs are type I transmembrane receptors with extracellular leucine-rich
repeats (LRR) andan intracellular signalingdomainknownas theTIRdomain
[61,62]. Toll-like receptors recognize molecular patterns associated with a
broad range of pathogens including bacteria, fungi, protozoa, and viruses.
The activation of signal transduction pathways is triggered by the recognition
of microbial components by TLRs. For example, after activation of dendritic
cells they canmature and release cytokines. The adaptive immunity process is
thus initiated [63]. Upon stimulation, TLRs initiate transcellular signaling and
nuclear transcriptional activation of genes whose products constitute innate
immune responses, which in turn recruit members of the cellular immune
system [64,65]. Stimulation of intracellular TIR domains of the TLRs results
in the initiation of a cascade of signals and release of transcribed inflammatory
mediators, such as interleukin 8. For example, it has been shown that the inter-
action between TLR4 and its ligand, LPS, results in the transmission of signals
from the surface of the cell into the cytoplasmactivatingNF-κB.Nuclear factor
κB in turn enters the nucleus to activate cytokine transcription andupregulate
costimulatory genes involved in phagocytes and antigen presentation. This
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FIGURE 7.5
Sampling role of dendritic cells. This diagram summarizes the penetration of enterocytes by
dendritic cell to sample pathogen-associatedmolecular patterns (PAMPs) in the lumen via TLRs.
This sampling process results in maturation of dendritic cells, antigen presentation, and release
of cytokines. This in turndetermineswhich of theTH1orTH2 response is induced. (FromYuanQ,
Walker WA. J Pediatr Gastroenterol Nutr 2004; 38:463–73. With permission.)

reactionultimately triggersT-cells in the adaptive immune systemandentero-
cyte secretion of cytokines (Figure 7.5). Therefore, activation of TLRs leads to
both inflammatory responses and the development of antigen specific adapt-
ive immunity [66]. Several TLRs, such as TLR3, TLR4, TLR7, and TLR9,
are involved in viral recognition and the production of type I interferons,
which can then promote the transcription of various antiviral proteins, res-
ulting in the elimination of viral pathogens and termination of the spread of
infection [67].

The Adaptive Immune System

Cells of the Adaptive Immune System

There are two major types of lymphocytes: B- and T-cells. They are produced
in primary lymphoid organs (bone marrow and thymus). Adaptive immune
responses are initiated in secondary lymphoid organs (e.g., lymph nodes,
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spleen, Peyer’s patches). B-cells originate and mature in the bone marrow,
whereasT-cells originate in thebonemarrow, butmigrate to the thymuswhere
they mature. Once maturation has occurred, both B- and T-cells migrate to
secondary lymphoid organs via the bloodstream.
Categorization of T-cells: T-cells can mature into cytotoxic T-cells, for

example, they have the ability to identify cells that are infected with viruses
and destroy them. They express CD8 molecules on their surface [68].
Second, T-cells can be TH1- or TH2-cells, with the capacity to activate other

cells (such as B-cells andmacrophages). Both express CD4molecules on their
surface. CD4+ TH1-cells are involved in themanagement of intracellular bac-
terial infections by severalmeans, one of each being the secretion of cytokines
and chemokines that attractmacrophages. CD4+ TH2-cells are engaged in the
control of extracellularpathogensby stimulatingB-cells toproduceantibodies
[10,69].
To recognize their target, T-cells detect the peptide fragment derived from

foreign peptides, which is displayed by the MHC (Major Histocompatibil-
ity Complex). Major histocompatibility complex class I displays fragments
of viral proteins and is therefore recognized by CD8+ cytotoxic T-cells.
Major histocompatibility complex class II presents peptides from pathogens
internalized by cells and is thus identified by CD4+ TH1 and CD4+ TH2-
cells.
T-cells are also abundant in the gut mucosa between epithelial cells. These

are referred to as intraepithelial lymphocytes. Two types of T-cells can be
found in the gut expressing different receptors. First, CD8+ or CD4+α/β

T-cells give rise to the usual response from T-cells (α/β receptor recognizes
peptides presented in a complex with MHC proteins). Second, CD8− or
CD4−γ/δ T-cells behave differently as they can only bind to a number of
specific ligands. It has been suggested that α/β T-cells may be involved in the
production of IgA and γ/δ T-cells in the tolerance to antigens at the mucosal
surface [70,71].
However, even though TH1- and TH2-cells have been shown to have

protective properties in the gut (TH1-cells are involved in the defense
against intracellular pathogens and TH2-cells against intestinal nematodes),
they have been shown to play a role in certain human diseases [72]. For
instance, cytokines secreted by TH1-cells are expressed at higher levels
in the lamina propria of Crohn’s disease patients as shown by Cobrin
et al. [73]. Also, higher levels of cytokines secreted by TH2-cells are
involved in the pathogenesis of allergic disorders, for example, children with
milk hypersensitivity were shown to have higher levels of TH2 cytokines
which induce an inflammatory response resulting in gastrointestinal
disorders [74].
B cells: B cells are defined by their production of immunoglobulin, and they

constitute about 15% of peripheral blood leukocytes. As mentioned before,
B cells differentiate fromhematopoietic stem cells in the bonemarrow. During
the development of B cells, the expression of surface antigen is differentiated
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and sequential heavy and light chains are rearranged. Naïve B cells express
IgM and IgD on their cell surfaces.
Activation of B cells: T cells can help B cells to mature. When B cells mature

under the influence of helper T cells, T-cell-derived cytokines induce iso-
type switching, leading to the production of antibodies of different isotypes
with identical antigenic specificity, and somatic mutation [75,76]. Somatic
mutation occurs in the germinal center of secondary lymphoid tissues. This
process increases affinity of the antibody for the antigen. When a cell produ-
cing ahigher-affinity antibody for anantigen is produced, it has aproliferative
advantage [75,77]. The molecular basis for activation of B cells is as follows:
internalization of an antigen by a B cell results in an increase in class II
expression and expression of CD80 and CD86. Those costimulatory proteins
and antigen-class II complex then activate T cells, leading to interaction of
the T-cell CD40 ligand with the B-cell CD40, resulting in induction of iso-
type switching. This is strongly related to the development of B-cell memory
[75,78].
However, B cells can also be activated without the help of T cells and their

costimulatory proteins. Polymeric antigens with a repeating structure, such
as polysaccharides or polymerized flagellins that have numerous repeating
epitopes, can activate B cells. Somatic mutation does not happen and thus,
the immune memory of T-cell-independent antigens is weak [75].

The Regulation of Lymphocytes via Adhesion and Chemokine Interactions

Both specific adhesionmolecules and chemokines are essential for trafficking
of lymphocytes, as they occur with lymphocytes homing and localization
in the intestines. The interactions between integrins or selectins and their
tissue adhesion molecules, and chemokine receptors and their ligands are
therefore critical factors that define the homing of lymphocytes and their
interaction with epithelial cells [79]. To enter the intestinal mucosa, B cells
have been shown to use the integrin α4 : β7 by binding to an addressin cell
adhesion molecule (MAdCAM-1) [80–82]. B cells further migrate into the
small intestinal laminapropria byusing their chemokine receptor (CCR9) that
interacts with the chemokine expressed by the cells in the crypt epithelium
(CCL25) [10,82,83].

sIgA: An Antibody Unique to Mucosal Protection

Immunoglobulin A (IgA) is the dominant antibody isotype of the mucosal
immune system. In the 1960s, it was shown that sIgA was composed of a
dimer of IgA subunits, joined by a small polypeptide called the “J chain” and
covalently bound to an epithelial glycoprotein of about 80 kDa, called secret-
ory component (SC) [84–86]. The pIgA dimer is produced by plasma cells.
As mentioned above, the J chain joins the two subunits. The polymerized
immunoglobulin receptor (pIgR), a membrane protein, is synthesized in the
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rough endoplasmic reticulum of enterocytes. It contains the proteolytic frag-
ment SC. It is subsequently transported into the Golgi apparatus and is then
delivered to the basolateral surface of the epithelial cell where it can bind to
the pIgA dimer by ligand binding. Free pIgR and ligand-bound pIgR travel
by transcytosis to the apical surface of the epithelial cell where pIgR is cleaved
to SC, releasing both free SC and sIgA into the lumen. This molecule can con-
tribute to both innate and adaptive immune responses [85,87,88]. It should be
mentioned that IgM is also secreted using the same pathway as IgA but to a
lesser extent. IgM is particularly important in the IgA deficiency patient [84].
sIgA is present at high concentrations in human colostrum (12 g/L) and

milk (1 g/L) [89]. There is strong evidence that it plays an important role
in immune protection of the newborn. Pathogens in the maternal environ-
ment are similar for the mother and her nursing infant. Therefore, via the
enteromammary immunepathway, pIgAproducedby exposure topathogens
in the maternal gut reach the nursing infant via breastfeeding, thus passively
protecting the infant frompotential infection. However, it has been suggested
that the time lapse between themother and infant’s exposure to the pathogen
and protection of the infant by sIgA is too long. It is therefore thought that
other innate mechanisms may be involved than just the production of sIgA,
such as the presence of breast milk glycans [90].
IgA antibodies provide defense against microbial pathogens, for example,

they help prevent pathogen adherence and penetration in the mucosal epi-
thelium. An important concept of IgA mucosal immunity protection links its
epithelial transport to host defense [91]. It has been suggested that IgA anti-
bodies can potentially bind antigens in three loci: (1) in the luminal secretions
(as shown previously in infants and mother’s milk), (2) on the epithelial cells
during transcytosis, and (3) in the lamina propria beneath the epithelium.
In luminal secretions, several roles have been attributed to sIgA such as:

neutralizationofviruses, bindingof toxins, agglutinationofbacteria, blocking
of bacteria from binding to intestinal epithelial cells, and binding to dietary
antigens to prevent entry into the general circulation [92]. sIgA can also bind
to microbes and prevent them from attaching to or penetrating the epithelial
lining.
In epithelial cells, IgA is transportedvia endocytosis. It has been shown that

IgA can bind intracellularly to pathogens, such as viruses, resulting in their
inactivation by impeding their replication, assembly, and budding [93]. This
has been shown in several studies using IgA against influenza virus [94,95].
In the lamina propria beneath the epithelium, IgAof the IgA–pIgR complex

may bind antigens and then transport them out of the cells, releasing them in
the intestinal secretions [93,96,97]. It therefore shows that an identical mech-
anism for sIgA transport to the intestinal lumenviapIgRcanbeused to excrete
antigens from epithelial cells.
IgA is therefore essential for function of the immunological barrier against

most pathogens as it functions at different levels of the cell to protect the host
from infection.
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Tolerance to Foreign Antigens: Commensal Flora and Food

It is critical that a state of nonresponsiveness exists when the GALT receives
signals from commensal flora and dietary antigens. This state is called oral
tolerance and is defined as an immunological tolerance to ingested foreign
substances that would otherwise induce an inflammatory response if admin-
istered systemically [98–100]. It is suggested that tolerance to enteric floramay
bemediated in the samewayas tolerance todietary antigen [101]. Thus, GALT
must constantly appear to be in a continuous state of tolerance toward food
and commensal bacteria while effectively being intolerant to pathogens act-
ing as infectious microbes. Even though the GI tract is constantly exposed to
foreign proteins, very few patients develop allergy symptoms. Oral tolerance
therefore represents a very important component of mucosal immunity. Des-
pite much research, the exact mechanisms by which GALT becomes tolerant
are not well understood.
Intolerance toward commensal microflora can result in an extension of

inflammation in the intestinal mucosa. Transgenic mice are animal models
into which foreign DNA has been stably integrated into its genome; they
offer great research possibilities in terms of studying the intestinal epithe-
lium and the mucosal immune system. These models have major advantages
in the approach to the development of new strategies for the treatment of
mucosal pathology [102]. Animalmodels have shown that commensalmicro-
flora could induce an inflammatory response in the gut, even though it was
previously tolerated due to mutations in a number of immunoregulatory
mediators such as cytokines [103,104]. Placing the animal in a germfree envir-
onment has been demonstrated to alleviate symptoms. Inflammatory bowel
disease (IBD) is thought to be an example of a pathological state developed
by patients who have become intolerant toward their commensal flora. In
animal models of this pathology, commensals initiate and intensify proin-
flammatory pathways that were previously not active [44]. It is believed
that four different factors contribute to the onset of IBD: (1) modifications
in intestinal barrier functions; (2) an atypical stimulation of the epithelium
by the flora; (3) a modification of the innate and adaptive immune responses;
and (4) abnormal inflammatory reactions resulting in IBD pathology. IBD
patients have therefore become intolerant toward their commensal flora.
Crohn’s disease is another pathology that has been studied using animal
models. It results from an abnormal and chronic T-cell-mediated inflammat-
ory response to commensal bacteria [105]. A subset ofCrohn’sdiseasepatients
have mutations on the NOD2 gene on chromosome 16 [106–108]. NOD2 is
a putative apoptosis regulator and is expressed exclusively in monocytes.
In those patients, the NF-κB pathway seems to be modified by the NOD2
mutations.
As mentioned before, it is also important that the mucosal surface is in a

state of nonresponsiveness toward food proteins. This is essential to prevent
allergies and constant hypersensitivity to food. It is probable that regulatory
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cells secreting immunosuppressive cytokines affect intestinal homeostasis,
first by suppressing immune responses to protein antigens and second by
maintaining continuous sIgA secretion [109]. However, functional T-cell inac-
tivation is a major step in nonresponsiveness to food antigens, for example, T
cells are prevented from immunologically responding to an antigen by T-cell
anergy. The GALT tissue supports the growth of those regulatory T cells that
facilitate intestinal homeostasis and consequently nonresponsiveness to diet-
ary antigens that are continually present [110]. Dendritic cells seem to play
an important role in the state of the GALT by presenting antigens in such a
way as to induce either a state of tolerance or immunity [111]. It has been
suggested that even in the absence of inflammation, dendritic cells have the
capability to sample the contents of the lumen, pick up soluble antigens or
apoptotic epithelial cell remnants, migrate into lymph andmesenteric lymph
nodes, andpresent the acquired antigen. This could be amechanismbywhich
dendritic cells present antigen in the absence of inflammation resulting in oral
tolerance [112,113].

Conclusion

TheGI tract is highly vulnerable to infection and possesses a complex array of
innate and adaptive mechanisms of immunity. It is constantly being exposed
to foreign antigens from foods, commensal flora, and pathogens. It has to
achieve a complex balance between inflammatory responsiveness toward
pathogens for protection and uptake and transport of dietary components
without harmful inflammatory responses to prevent chronic inflammation.
It is well known that changes in gastrointestinal bacteria can be caused by

antibiotics. This could potentially allow non-beneficial bacteria to adhere to
thegut, resulting ingastrointestinal infectiousdisorders. Altering thegutflora
by supplementing the dietwith probiotics (live bacteria) has been studied and
positive effects are starting to emerge, for example, a reduction in mucosal
barrier dysfunctions found in diseases such as food allergy and IBD.
It would be useful to have additional studies to determine if prebiotics can

directly or indirectly stimulate intestinal defenses of the host. If this can be
established, then prebiotics could be used as a dietary supplement to promote
a balanced and efficient mucosal immune system.
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Introduction

Food and nutrients modulate immune functions in multiple ways. For essen-
tial nutrients, a number of studies have demonstrated a major regulatory role
within the immune system (Calder et al. 2002). The impact of nonessential
food constituents on the immune system such as prebiotics and similar com-
plex carbohydrates, however, has not been studied thoroughly (Schley and
Field 2002, Watzl et al. 2005). For proper functioning of the immune system,
the intestinal flora also plays an important role. Composition and metabolic
activity of the intestinal flora are directly depending on dietary constituents
including prebiotics. Prebiotics (for a definition see Chapter 1) occur in plant
foodand isolatedprebiotics have recently becomea technical constituent of an
increasingnumberof foods. Inulin (IN) andoligofructose (OF) are classifiedas
prebiotics occurring as plant storage carbohydrates in vegetables, cereals, and
fruits. Recent data indicate that prebiotics may modulate the gut-associated
lymphoid tissue (GALT) as well as the systemic immune system.
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Overview of the Immune System

The immune system operates as an organization of functionally specialized
cells and molecules to protect the body against foreign substances and invad-
ing organisms, acting systemically as well as at the local level, for example, in
mucosal tissues such as the GALT. It can be divided into two arms: the innate
or nonspecific immune system and the acquired or specific immune system.
Reactions of innate immunity are a first line of defense and quickly eliminate
infectious agents in early stages without the development of an immunolo-
gical memory. The innate immune system comprises physical barriers such
as skin or mucous membranes as well as cells in blood and tissue, such as
phagocytes or natural killer cells, but also soluble mediators like complement
proteins or cytokines (Abbas and Janeway 2000, Delves and Roitt 2000a). Pha-
gocytes (neutrophils and monocytes in blood, tissue-resident macrophages)
are important for the uptake and killing of extracellular pathogens (Djaldetti
et al. 2002, Stuart andEzekowitz 2005), whereas natural killer (NK) cells (large
granular non-T/non-B lymphocytes) are cytotoxically active against virally
infected or transformed cells such as cancer cells (Cooper et al. 2001, Seaman
2000).

A challenge to the innate immune system often leads to activation of the
acquired immune system. It consists of two major cell types, the T and
B lymphocytes, which enable the specific recognition of, and response to,
invaders. With its ability to create an immunological memory, immune reac-
tions can be amplified upon repeated exposure to a specific antigen (Abbas
and Janeway 2000, Delves and Roitt 2000a). Each B cell is programmed to
produce one type of antibody matching only one specific antigen. The largest
B cell system in the body is located in the gut with immunoglobulin (Ig) A as
the dominating type of antibody there. IgA is transported into the gut lumen
coupled to a secretory component, forming secretory IgA (SIgA). SIgA builds
up complexes with bacteria, viruses, or toxins and therefore prevents their
adhesion to mucosal surfaces or their translocation into the body (Brandtzaeg
et al. 1987, Macpherson et al. 2001). T lymphocytes develop into function-
ally different cell types with specific cytokine patterns: CD4+ T helper (Th-),
CD8+ Tsuppressor lymphocytes (Ts) or cytotoxic lymphocytes (CTL) and reg-
ulatory CD4+CD25+ T lymphocytes (Treg). The Th subset is further divided
into Th1 and Th2 lymphocytes. Th1 lymphocytes secrete cytokines such as
interleukin (IL)-2 and interferon-gamma (IFN-γ) and mediate immunity to
intracellular pathogens. Th1-induced reactions may also initiate inflammat-
ory processes. Th2 lymphocytes are responsible for mediating immunity to
extracellular pathogens and stimulate antibody production by the secretion
of cytokines such as IL-4 and IL-13, which may provoke allergic reactions
in favoring IgE synthesis. In general, Th2 cytokines are mostly ascribed an
antiinflammatory role (Abbas and Janeway 2000, Delves and Roitt 2000b,
Jankovic et al. 2001, Mosmann et al. 1995). CTL are responsible for the
direct killing of virally infected cells and are able to suppress responses of
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Th lymphocytes (Abbas et al. 1995, Delves andRoitt 2000b, Vukmanovic-Stejic
et al. 2001). Immunosuppressive functions are also attributed to regulatory T
lymphocytes with a cytokine profile distinct from either Th1 or Th2 lymph-
ocytes [e.g., transforming growth factor-beta (TGF-β) and IL-10]. Following
antigenic stimulation, Treg lymphocytes can specifically inhibit the immune
response of Th lymphocytes (Kourilsky and Truffa-Bachi 2001, Mc Guirk and
Mills 2002, Powrie 2004).

The mucosal, gut-associated immune system is the most complex part of
the immune system. It is directly exposed to antigens in the gut lumen, the
site with the highest antigenic burden in the body, where the GALT has to
distinguish between harmless antigens, for example, coming from food or
the commensal microflora, and antigens derived from pathogenic or possibly
invasivemicroorganisms. TheGALTcontains about 60%of all lymphocytes in
the body and is compartmentalized into inductive and effector sites of aggreg-
ated [e.g., Peyer’s patches (PP)] and nonaggregated cells [e.g., lamina propria
(LP) and intraepithelial lymphocytes (IEL)] forming a unique immune net-
work (Iijima et al. 2001, Mowat 2003, Mowat and Viney 1997) (Figure 8.1). PP
are lymphoid aggregates in the submucosa separated from the lumen by the
follicle associated epithelium (FAE). The FAE contains specialized epithelial
cells, M cells, which are responsible for uptake and transport of antigen into
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FIGURE 8.1
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the underlying lymphatic tissue where it is presented to dendritic cells and to
T and B lymphocytes. Dendritic cells are important in antigen sampling and
presentation and play a major role in the activation of potential regulatory
T-cell reactions. Lymphocytes activated within the inductor region of PP dis-
seminate via mesenteric lymph nodes, migrate into the bloodstream through
the thoracicduct, andfinally return tomucosal sites (Mowat 2003). Mesenteric
lymph nodes are the largest lymph nodes found in the body and also belong
to the GALT inductor region. They are the crossroads between peripheral
and mucosal recirculation (Macpherson et al. 2005, Mowat 2003, Newberry
and Lorenz 2005). The layer of connective tissue between the epithelium
and the muscularis mucosae forms the LP and comprises B cells (memory
cells as well as IgA-producing plasma cells), mast cells, dendritic cells,
macrophages, and T lymphocytes of mainly Th function (MacDonald 2003,
Mowat 2003).

IEL, an exceptional effector population of the GALT, are interspersed
between epithelial cells along the small and large intestine. As they are
directly facing the bowel lumen, they represent the first component of the
mucosal immune system to encounter bacterial and food antigens. In contrast
to LP leukocytes, IEL are a population of about 80% CTL and suppressor-
type T lymphocytes. They help eliminate infected or transformed epithelial
cells and therefore play a crucial role in maintenance of the epithelial bar-
rier. IEL are also of vital importance to preserve an immunological state
of unresponsiveness toward harmless foreign antigens (e.g., food borne or
derived from the gut microflora) while sustaining protection against patho-
gens (Abreu-Martin and Targan 1996, Iijima et al. 2001, Kabelitz et al. 2005,
MacDonald 2003, MacDonald and Monteleone 2005, Mowat and
Viney 1997).

Immunomodulatory Effects of Prebiotics

Human Studies

Few studies so far have investigated the effects of prebiotics on the human
immune system. Recently, two clinical trials reported the therapeutic out-
come of a prebiotic and synbiotic treatment in subjects with ulcerative colitis
and Crohn’s disease. In a small randomized, double-blinded controlled trial
including subjects with ulcerative colitis supplementation with B. longum and
OF-enriched IN resulted in an improvement of the full clinical appearance
of chronic inflammation. Furthermore, intestinal mRNA levels of the proin-
flammatory cytokines IL-1β and tumor necrosis factor-alpha (TNF-α) were
significantly reduced in synbiotic-treated subjects, while no significant differ-
ences were seen for the immunoregulatory cytokine IL-10 (Furrie et al. 2006).
In anuncontrolled studywithCrohn’s diseasepatients, thedaily intake of 15 g
OF (70%)/IN (30%) significantly decreased disease activity. The percentage of
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FIGURE 8.2
Oligofructose/inulin supplementation (15 g/day) increased intestinal CD11c+ dendritic cell
interleukin-10 production in patients with Crohn’s disease. (From Lindsay, J.O. et al., Gut, 55,
348–55, 2006. With permission.)

IL-10 positive mucosal dendritic cells and percentage of these cells expressing
TLR2 and TLR4 increased significantly (Figure 8.2) (Lindsay et al. 2006). In
contrast to these human intervention studies, which have focused on the gut-
associated immune system, we have investigated the immunomodulatory
effect of a synbiotic (L. rhamnosusGG,B. lactisBb12 and 10 g/day OF-enriched
IN) on systemic immunity (Roller et al. 2007). The synbiotic treatment of colon
cancer patients who had undergone curative resection increased ex-vivo the
capacity of peripheral blood mononuclear cells to produce IFN-γ. In polypec-
tomizedpatients the synbioticpreventedadecline in IL-2production capacity,
which was observed in the placebo group over time. However, no other para-
meter of the systemic immune system was affected by synbiotic treatment
(Roller et al. 2007). This synbiotic as well as the same prebiotic (IN/OF) sig-
nificantly modulated gut-associated immune functions in the rat, while also
having minor effects at the systemic level in these rats (Roller et al. 2004a,b;
see below).

In a randomized controlled trial with 259 infants at high risk of atopy,
the ad libitum intake of a formula providing 0.8 g prebiotics/100 mL (90%
short chain galacto-oligosaccharides [GOS] and 10% long chain OF) res-
ulted in a significantly reduced incidence of atopic dermatitis suggesting
that these prebiotics altered postnatal immune development (Moro et al.
2006). Another randomized controlled study investigated the effect of the
same prebiotic mixture on fecal SIgA secretion in infants. The prebiotic-
supplemented infant formula (90% GOS/10% long chain OF) resulted in an
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enhanced secretion of fecal SIgA (Bakker-Zierikzee et al. 2006), which is con-
sidered to be associated with a significantly faster clearance of pathogenic
bacteria and viruses from the intestine. In a recent study with infants (aged
6–12 months), OF (0.67 g/day) in combination with a cereal supplement had
no effect on diarrhea prevalence and antibody titers to H. influenzae as com-
pared to the cereal supplement alone (Duggan et al. 2003). Since 87% of the
children were breast-fed, human milk may have provided adequate amounts
of oligosaccharides to exert prebiotic effects in the gut.

Ina studywithelderlypeople living inanursing-home, threeweeksof short
chain fructooligosaccharide (FOS) supplementation at a dose of twice 4 g/day
increased fecal bacterial counts of bifidobacteria (Guigoz et al. 2002). The per-
centages of CD3+, CD4+, and CD8+ lymphocytes were raised compared to
controls. In contrast, phagocytic activity of peripheral blood granulocytes
and monocytes as well as the expression of IL-6 mRNA in monocytes was
decreased. The authors speculate that due to a possible reduction in patho-
genic bacteria induced by FOS supplementation, inflammatory processes
such as phagocytosis and IL-6 production were decreased. However, the
study did not include a time-control, therefore the possibility that the finding
arose by chance cannot be excluded. A study in free-living elderly persons
receiving a nutritional supplement with placebo or with a mixture of short
chain and long chain OF (70/30%) (6 g/day) for a period of 28 weeks investig-
ated the immune response to vaccination with influenza and pneumococcal
vaccines (Bunout et al. 2002). No differences in serum antibodies between
placebo and OF/nutrient supplement were observed after vaccination. Ex
vivo, mononuclear cells showed similar lymphocyte proliferative responses
and cytokine secretion capacities (IL-4, IFN-γ). Since there was no study
group which received the OF alone, it is difficult to separate effects of the
nutrient supplement that provided 50% of vitamin daily reference values
from the effects of OF. In a following study, OF/nutrient supplement com-
bined with L. paracasei was given to healthy elderly people. Although a
significant stimulation in NK cell cytotoxicity was observed compared to
controls, significant differences were already observed at baseline (Bunout
et al. 2004). Again, no prebiotic control was included in this study. Elderly
subjects with adequate nutrition are known to have appropriate immune
functions, which cannot be further stimulated by dietary supplements (Watzl
et al. 2000).

Several studies have looked at the effect of the combined application of pro-
biotics with GOS prebiotics (Chiang et al. 2000, Sheih et al. 2001, Kukkonen
et al. 2007). While GOS in combination with B. lactis enhanced NK cell activ-
ity compared to the probiotic alone, GOS in combination with L. rhamnosus
HN001 was not significantly different from the probiotic alone (Chiang et al.
2000, Sheih et al. 2001). The combination of four different probiotics with
0.8 g/dayofGOSreducedeczema incidences in infants (Kukkonenet al. 2007).
Neither study included a prebiotic group alone or was controlled for time-
effects, so conclusions regarding the immunomodulatory potential of GOS
cannot be drawn.
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In summary, only few human studies so far have investigated the effects
of prebiotics without an additional supplement on the immune system.
The currently available data suggest that oral intake of prebiotics can
modulate the human immune system. More human studies including dose–
response studies with prebiotics such as IN/OF are needed, with a special
focus on the gut-associated immune system.

Animal Studies

Animal models are very helpful for investigation of prebiotic effects at the
GALT level and also lend themselves to studying immune reactions under
prebiotic treatment in inflamed or allergic conditions, in cancer settings or
following vaccination or infection.

The impact of 5% (w/v) FOS on the gastrointestinal IgA response was
extensively studied in young BALB/c mice (Nakamura et al. 2004). IgA tis-
sue concentrations (small and large intestine) and IgA+ plasma cell numbers
inPPwere significantly enhanced. Expressionof the secretory component and
SIgA secretion into the ileal gut lumen were elevated as well. These results are
well in line with findings from another murine trial, where the animals were
fedwith FOS. Fecal IgA levels increased and ex vivo stimulation of PP lympho-
cytes of FOS-fed mice with a bifidobacterial homogenate produced increased
IgA release (Hosono et al. 2003). Results from our rodent study with F344 rats
substantiate these humoral immune effects as short-term supplementation
(4 weeks) with a blend of equal amounts of IN and OF (10% w/w) stimulated
SIgA production in the cecum (Roller et al. 2004a). In contrast, treatment of
dogs with different prebiotic sources (FOS/FOS+mannan-oligosaccharides
[MOS]/MOS; Swanson et al. 2002, Verlinden et al. 2006) did not yield any
changes in fecal IgA levels, whereas ileal IgA was significantly enhanced
in FOS+MOS-fed animals (Swanson et al. 2002). This indicates a differential
role for MOS in contrast to fructans especially for immunomodulation in dogs
and/or indicates proteolytic breakdown of intestinal IgA when determined
in feces or rectal samples in contrast to intra-intestinal sampling techniques.

Our own animal studies revealed anti-inflammatory changes in the GALT
after IN/OF treatment (Girrbach et al. 2005, Roller et al. 2004a,b). In F344
rats that had been fed a high-fat/low-fiber diet supplemented with 10%
IN/OF (w/w) we observed an increase in immunoregulatory IL-10 secre-
tion by ex vivo activated PP lymphocytes compared to control (Roller et al.
2004b). In a long-term trial (33 weeks) of similar experimental design the
development of colon cancer had been chemically induced with the carcino-
gen azoxymethane (AOM). In animals with induced colonic carcinogenesis,
the production of IL-10 by PP was also elevated (Roller et al. 2004a). Apart
from modulation of immune functionality in PP, changes in PP cellularity
(increased size of PP nodules, greater numbers of B lymphocytes in PP) are
also reported (Hosono et al. 2003, Manhart et al. 2003).

Our recent investigations dealt with a porcine animal model which, in
contrast to rodents, bears more resemblance to humans in terms of the
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gastrointestinal tract and the immune system (Tumbleson and Schook 1996).
Supplementation with the same 1:1 mixture of IN and OF (2% w/w; 3 weeks)
as for the rats led to increased IL-10 production by mitogen-activated IEL,
isolated from distal jejunal sites, compared to immune cells isolated from
controls which had received maltodextrin as isocaloric replacement for the
prebiotic treatment (Girrbach et al. 2005).

Recently, investigations in rat models of inflammatory bowel disease also
demonstrated that prebiotics may alleviate acute inflammation (Hoentjen
et al. 2005, Osman et al. 2006). In both studies, the prebiotic source, a com-
mercial blend of IN and OF, was the same as had been used in studies from
our laboratory. Colitis can be chemically induced by the administration of
dextrane sodium sulphate. When Sprague–Dawley rats had received IN and
OF before and after chemical colitis induction, lowered production of proin-
flammatory IL-1β in the colonic tissue was reported, which was accompanied
by reduced myeloperoxidase activity in the colon. In addition, translocation
of bacteria to mesenteric lymph nodes was significantly decreased (Osman
et al. 2006). In contrast, transgenic HLA-B27 rats develop spontaneous colitis
as an immune response to the endogenous intestinal microflora. The intake
of 5 g IN/OF/kg body weight for 7 weeks resulted in reduced levels of IL-
1β in the cecal mucosa and diminished the release of bacterially stimulated
IFN-γ by mesenteric lymphocytes. Moreover, mucosal levels of immunore-
gulatory TGF-β were significantly augmented by the prebiotic treatment
(Figure 8.3) (Hoentjen et al. 2005). Taken together, these findings build up
a strong rationale for antiinflammatory effects of IN and OF on the GALT
level under normal as well as under inflamed conditions.

Protectionduring intestinal carcinogenesis byprebiotics seems to be closely
related to their immunomodulatory potential. Minmice, which carry a muta-
tion in the Apc gene, are a model for human intestinal cancer. In FOS-fed
(5.8%) Min mice, tumor incidence in the colon was reduced and the devel-
opment of lymphoid nodules in the GALT promoted (Pierre et al. 1997).
However, in immunocompromised animals, depleted in CD4+ and CD8+
T lymphocytes, the incidence of colonic tumors was significantly raised,
alluding to an involvement of the gut-associated immune system in tumor
protection (Pierre et al. 1999). Moreover, a recent follow-up study in FOS-
treated Min mice identified large-intestinal IEL as the specific immune target
whereas systemic immunity, measured in splenocytes, wasnot altered. In IEL,
prebiotic intervention compensated for negative immune effects due to the
Apc mutation, as lowered IL-15/IL-15Rα expression was normalized and the
number of regulatory CD4+ and CD25+ IEL, a phenotype probably implic-
ated in the facilitated spread of cancer cells, was lowered (Forest et al. 2005).
In F344 rats with chemically induced colon carcinogenesis, intervention with
IN/OF reduced tumor incidence (Femia et al. 2002). Here, especially immun-
omodulatory events in PP seem to account for the antitumorigenic effects of
IN and OF, as a depression of NK cell activity, which had been evoked by
the AOM-treatment, was counteracted by prebiotic supplementation (Roller
et al. 2004a).
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FIGURE 8.3
Altered cytokine profiles in the GALT after prebiotic treatment of transgenic HLA-B27 rats.
The transgenic animals developed spontaneous colitis under the influence of the endogenous
microflora. After having received 5 IN/OF/kg body weight for 7 weeks cecal TGF-β-levels
were significantly enhanced whereas cecal concentrations of IL-1β were lowered (a). In addi-
tion, IFN-γ-release by bacterially stimulated MLN lymphocytes was reduced as well (b). Values
are represented as means ± SEM, * p < 0.05; ** p < 0.001, versus untreated transgenic animals.
(From Hoentjen, F. et al., Inflamm. Bowel Dis., 11, 977–85, 2005. With permission.)

Systemic immunomodulatory effects are rare and this has been demon-
strated by several studies, including those of our own laboratory (Girrbach
et al. 2005, Roller et al. 2004a,b, Shim et al. 2005). However, studies by Bud-
dington et al. (2002) in mice reported enhanced systemic immunity in IN/OF-
supplemented animals. Mice exposed to enteric and systemic pathogens or to
different tumor inducers were supplemented with OF (10% w/w) or IN (10%
w/w). While the incidenceof lung tumors after injectionofB16F10 tumor cells
was not affected by the prebiotic supplements, carcinogen-induced aberrant
crypt foci in the distal colon were reduced in mice supplemented with OF or
IN. Pathogen exposure in OF and IN supplemented mice resulted in reduced
mortality compared to cellulose supplemented controls (10% w/w). The data
from Buddington et al. (2002) suggest that OF and IN may also enhance
systemic immunity against these pathogens and against aberrant cells in the
colon. In a follow-up study, these authors investigated the modulatory effects
of IN and OF at a similar dose on immune functions in mice (Kelly-Quagliana
et al. 2003). After a period of 6 weeks with OF or IN supplementation, both
prebiotics increased NK cell activity of spleen cells and phagocytic activity of
peritoneal macrophages compared to the cellulose group. Since control mice
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received cellulose, and intestinal cellulose degradation differs from intest-
inal IN/OF fermentation, it is difficult to ascribe the observed changes to
a decrease in cellulose intake or an increase in prebiotic intake. Systemic
immunopotentiating effects could be achieved inmice following supplement-
ation (2 weeks) with nigerooligosaccharides (NOS), α-glucan-type prebiotics.
NOS augmented the secretion of Th1-cytokines IL-12 and IFN-γ after IL-12
induction by intraperitoneal application of heat-killed L. plantarum, whereas
NOS alone did not evoke any immune changes (Murosaki et al. 1999). Herich
et al. (2002) studied systemic immune effects of a probiotic (L. paracasei)
and of a synbiotic (L. paracasei + OF, 3 g/day) in piglets before and after
weaning. After birth, the combined treatment (synbiotic) resulted in reduced
phagocytic activity compared with control. When compared to the probiotic
group, the synbiotic supplement resulted in lower numbers of leukocytes,
lymphocytes, and monocytes in the blood. After weaning, no significant dif-
ferences between groups were observed. Since there was no pure OF group,
it is speculative to discuss whether modulation of the phagocytic activity
and of leukocyte numbers was really attributable to OF treatment of these
piglets.

Treatment with prebiotics in infectious settings yielded inconsistent results.
No differences in diarrhea incidence and fecal IgA were found in mice chal-
lenged with rotavirus and treated with a combination of bifidobacteria and an
OF supplement when compared to the probiotic alone. However, a pure OF
group was not included in the study (Qiao et al. 2002). γ-Irradiation causes
an endogenous infection because of the translocation of intestinal Gram-
negative bacteria into the body. Thus, irradiated mice had a longer survival
rate and fewer bacteria were detectable in the liver when the animals had
been given isomaltooligosaccharides 4 weeks before irradiation. In addition,
intestinal IEL numbers in prebiotic-fed mice recovered faster after irradiation
than in control animals. In concomitant investigations, prebiotic treatment
of animals without irradiation gave rise to a shift toward Th1-immune reac-
tions in IEL and in the liver, and to an increase in NK cell activity in spleen
where NK cell numbers had also been augmented. Unfortunately, the number
and activity of intestinal NK cells had not been tested. Probably, isomaltoo-
ligosaccharides may act prophylactically on infections by enhancing the
immunological barrier locally in the gut as well as systemically (Mizubuchi
et al. 2005).

The potential for allergy prevention of different novel prebiotic carbo-
hydrates, namely raffinose (a trisaccharide containing fructose, glucose, and
galactose), konjac mannan (a partly branched glucomannan), and levan (a
Bacillus subtilis-derived branched fructan) has been shown in mice models
after antigenic stimulation with OVA (Nagura et al. 2002, Oomizu et al. 2006,
Xu et al. 2006). In general, allergy-promoting Th2-reactions were inhibited
and, therefore, IgE-production was diminished, for levan most likely medi-
ated by interaction with TLR 4, which was tested in vitro in macrophage cell
lines (Xu et al. 2006).
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In a vaccination experiment with mice, an impact on delayed-type hyper-
sensitivity reactions, measured as ear swelling, could only be detected in
animals treated with a mixture of GOS and high-molecular weight IN (9:1)
in contrast to animals given high-molecular weight IN and OF (1:1) or with
IN or with short-chained OF alone (Vos et al. 2006). The mice had been fed
the prebiotics before and after primary and booster vaccine injections. Strik-
ingly, both mixtures, GOS/IN and IN/OF, exerted a prebiotic effect in terms
of increased bifidobacteria and lactobacilli counts in feces. Therefore, modu-
lation of the gut microflora did not represent the underlying mechanism for
the achieved immune response in this case.

Mechanisms for the Effects of Prebiotics on the Immune System

Human intervention and animal studies indicate that prebiotics modulate
immune functions. The underlying mechanisms of prebiotic-induced altera-
tions are not yet known. Substantial experimental data suggest that prebiotics
induce their immunological effects by several ways (Table 8.1).

The prebiotic-induced shift in the intestinal microflora toward bifidobac-
teria and other short chain fatty acids (SCFA)-producing bacteria may
change the presence of pathogen-associated molecular patterns in the intest-
inal lumen including endotoxin or lipopolysaccharides, teichoic acids, and
unmethylated CpG motifs of DNA (Akira et al. 2001). Through pattern recog-
nition receptors (PPR) such as the Toll-like receptors (TLR), local immune
cells may respond to these molecular motifs (Figure 8.4). TLR signalling res-
ults in activation of NF-κB and the secretion of pro-inflammatory cytokines
(Abreu 2003, Cherayil 2003). Ingestion of bifidobacteria is associated with
increased IgA levels in the small intestine and feces and ex vivo IgA pro-
duction by PP B lymphocytes (Fukushima et al. 1999, Qiao et al. 2002,
Takahashi et al. 1998). One study with dogs supplementing a low dose of FOS
(2 g/day) did not find significant effects on the numbers of bifidobacteria or
on immunological markers (Swanson et al. 2002). This outcome supports the
hypothesis that changes in numbers of bifidobacteria induced by prebiotic

TABLE 8.1

Potential Mechanisms of Prebiotic-Induced Immune Alterations

• Selective increase/decrease in specific bacteria that modulate cytokine and antibody
production

• Increase in intestinal SCFA production and enhanced binding of SCFA to G-coupled
protein receptors on leukocytes

• Partial absorption of prebiotics resulting in local and systemic contact with the immune
system

• Interaction of prebiotics with carbohydrate receptors on leukocytes
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supplementation are a prerequisite for changes of immunological functions
such as IgA production.

Prebiotic intake enhances the production of SCFA, which are known to
regulate proliferation and apoptosis of lymphocytes and monocytes and to
inhibit NF-κB activity in colonic epithelial cells (Inan et al. 2000, Kurita-Ochiai
et al. 2003, Millard et al. 2002). SCFA are produced by microbial fermentation
in the colon with total concentrations ranging from 70 to 140 mM in the prox-
imal colon and 20–70 mM in the distal colon (Engelhardt et al. 1991). SCFA
are rapidly transferred from the intestinal tract to the bloodstream. Long-term
supplementation of rats with OF-enriched IN increased cecal SCFA concen-
trations in rats and especially enhanced butyrate levels (Femia et al. 2002).
A recent study with growing pigs reported that up to 50% of IN (average
DP = 12) was degraded in the jejunum, with lactate as the main fermentation
product followed by acetate (Loh et al. 2006). Lactate and acetate both can
be interconverted to butyrate (Morrison et al. 2006). As a consequence, high
SCFAconcentrations in the small intestinemayaffect immunecell functions in
PP. In addition, colonic infusion of butyrate or a combination of SCFA resulted
in enhanced epithelial proliferation in distant intestinal segments (Ichikawa
et al. 2002, Kripke et al. 1989) suggesting that the production of SCFA in the
colon induces physiological changes throughout the intestinal tract. Usual
SCFA concentrations in the bloodstream of humans are 104–143 µM for acet-
ate, 3.8–5.4 µM for propionate, and 1.0–3.1 µM for butyrate (Wolever et al.
1997).
In vitro, butyrate is known to suppress lymphocyte proliferation, to inhibit

cytokine production of Th1 lymphocytes, to induce T lymphocyte apoptosis,
and to up-regulate IL-10 production of dendritic cells (Cavaglieri et al. 2003,
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Kurita-Ochiai et al. 2003, Millard et al. 2002, Säemann et al. 2000). In com-
bination with other SCFA, butyrate significantly stimulated rat splenic NK
cell cytotoxicity (Pratt et al. 1996). Butyrate production in the rat cecum also
resulted in higher numbers of CD161+ NK cells in the cecal epithelial layer
(Ishizuka et al. 2004). Intravenous application of pharmacological doses of
acetate further enhanced NK cell cytotoxicity (Ishizaka et al. 1993). These
data suggest that SCFA as fermentation products of prebiotics may affect
immune cells within the GALT.

The mechanisms by which intraluminal SCFA are sensed by leukocytes
are not completely known. In 2003, two orphan G-protein coupled recept-
ors (GPR41 and GPR43) for SCFA were identified. For GPR43, acetate and
propionate have been found to be the most potent ligands (Brown et al.
2003, Nilsson et al. 2003). Butyrate and isobutyrate show strong effects on
GPR41 (Le Poul et al. 2003). While GPR41 is expressed in a wide range of
tissues including neutrophils and dendritic cells, GPR43 is highly expressed
in various types of immune cells (Brown et al. 2003, Le Poul et al. 2003)
including mucosal mast cells in the rat intestine (ileum and colon) (Karaki
et al. 2006).

Blood acetate concentrations are well within the active range for GPR43 (Le
Poul et al. 2003). In contrast, average concentrations of propionate and butyr-
ate in blood are too low to systemically activate GPR41 or GPR43. However,
a recent pig study feeding a rye-based diet measured butyrate concentrations
of 55 µmol/L 8–10 h following feeding (Bach Knudsen et al. 2005). Enhanced
SCFA production in the gut after prebiotic supplementation may increase the
SCFA supply to immune cells located along the GALT (Bach Knudsen et al.
2003) and activate these cells via SCFA-receptors. Such local effects of SCFA
could explain, in part, the observed differences between systemic and local
immune effects in the gut in prebiotic-supplemented animals and in dogs
supplemented with different types of fermentable dietary fibers (Field et al.
1999).

Another mechanism points to interactions of prebiotic carbohydrates with
carbohydrate receptors on immune cells. Phagocytic cells, minor subsets
of T and B lymphocytes, and NK cells express the complement receptor
3 (CD11b/CD18) (Ross and Vetvicka 1993). This receptor mediates cellular
cytotoxic reactions against target cells bearing specific carbohydrate struc-
tures. Soluble β-glucan derived from the yeast cell wall is a particularly potent
stimulator of this receptor. Recently, the β-glucan receptor dectin-1 has been
identified on immune cells including neutrophils, monocytes, macrophages,
and a subset of T lymphocytes (Brown and Gordon 2001, Brown 2006). This
C-type lectin receptor belongs to the PRR, is widely expressed in thymus,
spleen and the small intestine, and recognizes a variety of β-1,3-linked and β-
1,6-linked glucans (DP > 7) from fungi and plants. In vitro, the nondigestible
oligosaccharides (NOS) stimulated NK cell cytotoxicity pointing to a direct
effect of this oligosaccharide on NK cells via specific lectin-type receptors
(Murosaki et al. 1999). While mannose receptors have also been identified
on immune cells (Brown 2006), it is presently not known whether specific
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FIGURE 8.5
Changes in time course of raffinose concentrations in portal venous (open circle) and abdominal
arterial (closed circle) after intragastric administration of raffinose (4 g/kgbodyweight) in Brown
Norway rats. (From Watanabe, H. et al., Brit. J. Nutr., 92, 247–55, 2004. With permission.)

receptors for prebiotics exist on immune cells. Fructose in vitro is known to
modulate nonopsonic phagocytosis and reactive oxygen species production
of phagocytes (Sehgal et al. 1993, Speert et al. 1984).

In order to bind to carbohydrate receptors outside of the intestinal tract,
prebiotic carbohydrates have to be bioavailable. Data from human studies
suggest that human milk oligosaccharides are partially absorbed intact in the
infant’s intestine and excreted in the urine of breast-fed infants (Obermeier
et al. 1999). This indirectly shows that these prebiotic carbohydrates were
systemically available. For the trisaccharide raffinose, peak plasma concen-
trations of 60µM were observed in rats within 60 min of supplementation
(Figure 8.5) (Watanabe et al. 2004), suggesting that prebiotics with a lower
DP may be absorbed intact in the gastrointestinal tract. Oral administration
of water soluble, highly purified glucan molecules (laminarin and scleroglu-
can) to rats resulted in bioavailabilities of 4.9% and 4.0%, respectively (Rice
et al. 2005). Fluorescence-labeling of these glucans induced fluorescence in
cells isolated from PP 24 h after oral administration. However, a highly pur-
ified water insoluble glucan was not present in plasma. This demonstrates
that depending on the physical state, such complex carbohydrates pass the
intestinal barrier intact and that GALT cells are capable of recognizing and
binding these carbohydrates (Rice et al. 2005).

Conclusions

Initial data from human intervention studies and results from recent animal
studies clearly indicate that prebiotics have an impact on the immune system.
Immune cells of the GALT including PP are primarily responsive to the oral
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administration of prebiotics. Data from tumor models further suggest that
a reduced number of colonic tumors in prebiotic-supplemented animals is
related to enhanced NK cell cytoxicity. Whether humans with a daily intake
of prebiotics also benefit with regard to improved host resistance remains to
be determined.
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Triacylglycerols (TAGs) and cholesterol are quantitatively the most important
circulating lipids. Both have important physiological roles and abnormalities
in their metabolism are implicated in major pathologies such as obesity,
insulin resistance, type 2 diabetes, dyslipidemia, and atherosclerosis. This
chapter will present an overview of TAG metabolism and of its regulation
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with emphasis on intra-cellular metabolism and on recent findings. For cho-
lesterol, the chapter focuses mainly on the mechanisms of cholesterol entry
into and exit out of the cells and of the organism.

General Presentation

Triacylglycerols are one of the main forms of transport of energy in the cir-
culation from one tissue to another. They are also the main energy stores of
the body. They have two origins, dietary intake, which is by far the more
important source in humans, and endogenous synthesis. The main sites of
endogenous synthesis from glycerol-3-phosphate (G3P) and fatty acids are
liver and adipose tissue. Most fatty acids used for this synthesis are provided
by breaking down other TAGs while de novo lipogenesis (DNL), the synthesis
of new molecules of fatty acids from nonlipid substrates, is a minor path-
way. G3P can be provided by phosphorylation of glycerol by glycerol kinase
(liver), by glycolysis or glyceroneogenesis (liver and adipose tissue). The
main site of storage of TAGs, by far, is white adipose tissue. However, small
amounts are stored in other tissues such as liver, heart, and muscles and
excessive accumulation of lipids in these tissues can contribute toward the
development of insulin-resistance.1 In the circulation, TAGs are transported
alongwith cholesterol, phospholipids, and specificproteins (apolipoproteins)
incorporated in lipoproteins. The main TAG-rich lipoproteins are chylomic-
rons, that transport TAGs absorbed from intestine to extra-hepatic tissue,
and very low density lipoproteins (VLDL), that transport TAGs synthes-
ized by the liver to extra-hepatic tissues. The only form of elimination of
TAGs by the body is breakdown followed by oxidation of the released
fatty acids.

Cholesterol is an important constituentof cellmembraneswhere it is implic-
ated in the control of important cellular functions.2 It has two sources at the
whole-body level: dietary intake and endogenous synthesis, the latter being
quantitatively the most important in humans.3 Cholesterol is also transpor-
ted in the circulation incorporated into lipoproteins. Dietary cholesterol is
transported first to extra-hepatic tissues by chylomicrons, and then to liver,
in remnants from chylomicrons. Cholesterol secreted by liver incorporated
into VLDL is delivered to tissues through the VLDL-intermediary (IDL)-low
(LDL) density lipoproteins pathway, while excess cholesterol from peripheral
cell membranes is returned by the high density lipoproteins (HDL) pathway
(reverse cholesterol transport, RCT) to the liver where it can be eliminated
from the body into bile as free cholesterol or biliary acids. Since this is the near
exclusive pathway for cholesterol elimination from the body and since cells
can store only moderate amount of cholesterol, cells have to maintain a pre-
cise equilibrium between cholesterol synthesis and uptake from circulation
on the one hand and efflux to circulation on the other.
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Intake of Exogenous TAG and Cholesterol: Digestion
and Absorption

Fat intake in western countries constitutes usually 40–45% of energy intake.
It is made mainly of TAGs (around 100 g/day) with small amounts of
phospholipids (about 5 g/day). Digestion and intestinal absorption of
TAGs are very efficient since normally more than 95% of ingested TAGs
are absorbed. Cholesterol intake is variable according to the diet but is
usually around 150–500mg/day. This cholesterol is mixed in the intest-
ine with cholesterol excreted in the bile (800–1500mg/day) and choles-
terol provided by the turnover of intestinal mucosa epithelium (around
300mg/day).4 Cholesterol can be absorbed by the entire length of the small
intestine but the main sites of absorption are duodenum and proximal
jejunum.4

Digestion of fat starts in the stomach by a partial hydrolysis (around
10–30% of ingested lipids) of TAGs into diacylglycerols (DAG) and non-
esterified fatty acids (NEFA) by gastric and lingual lipases.5 Gastric lipase
is predominant in primates while rodents have a high activity of lingual
lipase.6 Humans have only gastric lipase. The expression of these lipases
is stimulated by dietary fats.7 Both have an optimal pH for activity of 4.5–5.5
and are all the more active that fats have been dispersed and that the size
of lipid droplets in the stomach is small.8 This initial hydrolysis facilitates
the next step of digestion through action of pancreatic lipase: hydrolysis
products increase the solubilization of TAGs, binding of colipase, and the
release of cholecystokinine that will stimulate the secretion of pancreatic
lipase and in production of bile.5 Pancreatic lipase acts at a pH of 6–8. Its
action needs the presence of colipase and emulsification of lipid droplets by
biliary salts. It hydrolyses ester bonds in position sn-1 and -3 and thus releases
DAG, 2-monoacylglycerol, and fatty acids. Some 2-monoacylglycerol can be
isomerized into 1- or 3-monoacylglycerol, allowing a complete hydrolysis
of TAG.

2-Monoacylglycerols and nearly all the fatty acids released by the hydro-
lysis of TAGs, and also of phospholipids and esterified cholesterol are
absorbed by epithelial cells of the intestinal mucosa. This uptake seems to
occur, as in most cells, both by passive diffusion and through the action of
specific transporters of the cell membrane: fatty acid binding protein plasma
membrane (FABPpm), fatty acid transport protein (FATP4), and fatty acid
translocase (FAT) or CD36.9–11 The respective importance of these transport-
ers is discussed. It was found that CD36 deficiency, for example, may or
may not decrease intestinal lipid absorption and secretion.12,13 CD36 is also
expressed at the lingual level where it plays a role in the detection of dietary
lipids, preference for fat, and the initial stimulation of digestive secretions for
the digestion of lipids.14 Once taken up, fatty acids are bound by fatty-acid
binding proteins [two are expressed in enterocytes, intestinal, and liver FABP
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(I-FABP and L-FABP)] and activated as acyl-CoA by the enzyme acyl-CoA
synthase (ACS) before reesterification in TAGs.15 This resynthesis of TAGs
occurs in the endoplasmic reticulum (ER) by two pathways: the G3P and the
2-monoacylglycerol pathways using respectively G-3-P and absorbed 2-MAG
to provide the glycerol moiety of TAG. The 2-MAG pathway is predomin-
ant, particularly in the postabsorptive state, whereas the G-3-P pathway has
a significant role when the FA supply is far more important than 2-MAG
absorption.5 The precise origin of G-3-P is uncertain; part of it could be
provided by glyceroneogenesis. Synthesized TAG will then be incorporated
into nascent lipoproteins (see next paragraph).

Most cholesterol is absorbed as free cholesterol. This requires thehydrolysis
of dietary esterified cholesterol by the various lipases and thus the presence
of biliary salt and the constitution of micelles.4 Before absorption by entero-
cytes, cholesterol must cross a diffusion barrier to access the brush border.
This barrier includes water and a surface mucous coat. The presence of the
mucine encoded by the Muc-1 gene is necessary since Muc-1 deficient mice
have a reduced absorption of cholesterol.16 Several membrane proteins are
implicated in the uptake of cholesterol. Scavenger receptor B type I (SR-BI
or CLA-I in humans) is expressed in the brush border, mainly in the duo-
denum and jejunum, of rodents and humans and evidence for its role in
cholesterol absorption has been provided.17–19 However, disruption of the
Sr-b1 gene has little effect on intestinal cholesterol absorption in mice and
SR-BI could on the contrary be involved in the efflux of cholesterol from
enterocytes into the intestinal lumen.20,21 The transporter probably respons-
ible formost of the entryof cholesterol andphytosterols, from intestinal lumen
into enterocytes is probably the recently described Niemann-Pick C1-like pro-
tein 1.22 This protein is present in the apical pole of enterocytes in the human
duodenum and jejunum.23 Npc1l1 deficent mice have a major reduction of
cholesterol absorption.22 This protein is probably the target of ezetimibe,
an inhibitor of cholesterol absorption.23 However, cholesterol absorption is
not fully inhibited in Npc1l1 deficent mice suggesting the presence of other
transporters.24 Part of the absorbed cholesterol is sent back to the intestinal
lumen. SR-BI could be involved in the efflux but most of it is dependent
of the ATP binding cassette transporters.25 These transporters are members
on a large family of transmembrane proteins that facilitate transport across
membranes of a large number of substrates including sterols.26 ABCG5 and
ABCG8 also send back into the intestinal lumen nearly all the absorbed plant
sterols and mutations of theABCG5 andABCG8 genes cause sitosterolemia.27

ABCA1, another member of the family that has an important role in reverse
cholesterol transport, is also expressed in intestine andhas alsobeenproposed
to play a role in this excretion of cholesterol28 but is more probably involved
the transport of cholesterol to circulation.29 The expression of all these ABC
transporters is stimulated by the nuclear factor Liver X receptor α (LXRα).30

Cholesterol not sent back to intestinal lumen is reesterified by the enzyme
acyl-CoA cholesterol acyl Transferase 2 (ACAT-2) before incorporation into
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lipoproteins for secretion into the lymph and ACAT inhibition decreases
cholesterol absorption.4,31

Resynthesized TAGs, phospholipids and cholesterol are incorporated in
the lumen of ER into nascent lipoproteins. This requires, as in the liver,
the presence of active Microsomal Triglycerides transfert protein (MTP)
and the simultaneous synthesis of specific apoproteins, apoprotein B48 in
intestine.32,33 Absence of functional MTP results in accumulation of lipids in
intestinal mucosa and lipid malabsorption.34 These nascent lipoproteins will
accumulate lipids and gain other apoproteins to give chylomicrons, which
will be secreted into lymph. An intriguing point is that not all the lipids
absorbed after a meal appear in the circulation during the following hours.
Part of it is retained within the enterocytes and will be secreted only after the
next meal.35

Once secreted, chylomicrons appear in the peripheral circulation. TAGs
present in circulating chylomicrons are degraded in part by the enzyme
lipoprotein-lipase (LPL) in the capillaries of peripheral tissues. Most of the
fatty acids released are taken up by tissues but some appear in the circulation,
along with glycerol.36 Fatty acids taken up by tissues are mostly reesteri-
fied for storage as TAGs in adipose tissue and oxidized in skeletal muscle
and heart. The action of LPL decreases the size and the TAG content of
chylomicrons. The remaining lipoproteins, remnants of chylomicrons, are
released in the circulation. Most of these remnants will be taken up by liver
through the LDL-receptor (LDLr) and the LDLr related protein (LRP) result-
ing in the delivery to liver of part of the ingested TAGs and of most ingested
cholesterol.37

TAGMetabolism in Liver

The liver has a central role in fatty acid and TAG metabolism. It takes up cir-
culating NEFA and lipoproteins. It oxidizes fatty acids for its energy needs,
completely toCO2 or incompletely toketonebodies. The liver also synthesizes
fatty acids, byDNLandTAG.Someof theseTAGsare storedbut their final fate
is incorporation into lipoproteins and secretion as VLDL-TG. These processes
are regulated by hormonal (insulin, glucagon), metabolic [glucose, polyun-
saturated fatty acids (PUFA)], and nutritional (total energy intake, dietary
CHO over fat ratio) factors. Such regulations may be acute, on enzymatic
activities through allosteric factors or modifications of phosphorylation state
of regulatory enzymes such as acetyl-CoA carboxylase (ACC) or L-pyruvate
kinase (L-PK). Theymaybe also on a long-termbasis throughmodifications of
the expressions of genes by transcription factors. This chapter focuses mainly
on the regulation of TAG synthesis and secretion. For some others aspects,
such as ketogenesis, the reader is referred to other reviews.38
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Sources of Fatty Acids Used for TAG Synthesis

The liver can use for TAG synthesis fatty acids provided by uptake of plasma
NEFA, DNL, or degradation of circulating lipoproteins taken up by the liver.
It can alsouse fatty acids providedbybreakingdownpreviously storedTAGs,
but this is only a recycling process, not a source of new fatty acids for TAG
synthesis.

Circulating NEFA

As in other cells this uptake occurs in part by passive diffusion and through
specific transporters (FAT, FATP, FATPpm). This uptake is proportional to
the amount of NEFA delivered to the liver and therefore increases when
NEFA concentration increases until saturation at levels about 3 mM. Usually
this hepatic uptake represents 25–30% of total plasma NEFA disappearance
rate.39 However, NEFA uptake could also be stimulated by the nuclear recept-
ors PPARα (peroxisomes proliferators activated receptors alpha) since their
activation increases the expression of FAT and FATP.40 Once taken up, fatty
acids are bound by L-FABP and activated as long chain fatty-acyl-CoA by
ACS. Acyl-CoA can then either be used for TAG or phospholipid synthesis,
or esterification of cholesterol, or enter the mitochondria for oxidation. This
entry in mitochondria requires for long chain fatty acyl-CoA the presence
and activity of CPT.38 This step is a major regulatory point for the orienta-
tion of fatty acid metabolism toward oxidation or TAG synthesis. Activity
of CPT-I is inhibited by malonyl-CoA, the product of ACC, the enzyme con-
trolling the first step of lipogenesis.38 Therefore, fatty acid oxidation in the
liver is usually inhibited when lipogenesis is active and active when lipogen-
esis if inhibited. CPT-I activity is increased by long chain fatty acyl-CoAs,
which act by competition with malonyl-CoA.41 CPT-I expression is also con-
trolled: it is inhibited by insulin and stimulated by glucagon, fatty acids, and
PPARα.40,42,43

De Novo Lipogenesis

DNL produces new molecules of fatty acids from nonlipid molecules, mainly
carbohydrates in humans and rodents. Therefore the expression and activ-
ity of DNL and glycolysis are coregulated in the liver.44 The first step of
lipogenesis stricto sensu is controlled by the enzyme acetyl-CoA carboxylase
(ACC), which uses acetyl-coA and CO2 to produce malonyl-CoA.45 Most of
the acetyl-CoA is provided by glycolysis. Since this acetyl-CoA is produced
inside mitochondria while lipogenesis takes place in the cytosol, acetyl-CoA
exits the mitochondria mostly as citrate. Citrate is cleaved in the cytosol by
the enzyme ATP-citrate lyase (ACL) to release the acetyl-CoA moiety. ACC
exists as two forms encodedby twodifferent genes, ACC1andACC2.46 ACC1
is the predominant form in liver and provides malonyl-CoA for lipogenesis.
ACC2 has an additional N-terminal aminoacids sequence that targets it to the
mitochondrial membrane.47 ACC2 is the main form in other tissues such as
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heart and skeletal muscle.48 It may provide acetyl-CoA mainly for inhibition
of CPTI.49

The next step is controlled by the enzyme fatty acid synthase (FAS) and pro-
ducesmolecules ofpalmitate. This synthesis requires reducedNADP,which is
provided by the pentose–phosphate pathway and the malic enzyme. The syn-
thesis of unsaturated fatty acids and of fatty acids with longer carbon chains
requires the activity of elongases and desaturases.50 Among desaturases,
stearoyl-CoAdesaturase (SCD),whichproduces palmitoleate andoleate from
palmitate and stearate respectively has an important role in overall regulation
of TAG synthesis.51

Liver DNL is controlled by hormonal, metabolic, and nutritional factors.
Liver lipogenesis is stimulated by insulin and glucose and can be largely
increased (2–4 fold) by high carbohydrate (CHO) diet.52–55 The action of high
CHO diets is limited to diets rich in simple carbohydrates while those rich
in complex carbohydrates have little or no effects.56 Nondigestible carbo-
hydrates oppose this action of high CHO diets.57 DNL is increased in ad
libitum fed obese subjects, hypertriglyceridemic type 2 diabetic subjects,
and in subjects with nonalcoholic fatty liver disease.58–60 Liver lipogenesis
is decreased by caloric restriction, low carbohydrate diets and fatty acids,
particularly PUFA.61,62 These regulations are performed on a short-term
basis, by modifications of enzyme activities through allosteric effectors or
phosphorylation-dephosphorylation processes, and on a long-term basis by
modifications of the expression of regulatory genes.44

Short-Term Control

ACC49: Citrate is an allosteric activator of ACC and this could play a role
in the stimulation of ACC in situations of high glycolytic flux. Glutamate
activates also ACC. Conversely, ACC is inhibited by its product, malonyl-
CoA, and by fatty acyl-CoA esters. Glucagon phosphorylates ACC through
thePKApathwayand inhibits itwhile insulindephosphorylates andactivates
ACC. Lastly, AMPkinase phosphorylates and inactivates ACC.63 Therefore,
activators ofAMPkinase such as leptin adiponectin ormetformin inhibitACC
and lipogenesis while fatty acid oxidation is stimulated through the decrease
in malonyl-CoA concentration and the increase in CPTI activity.64–66

Glycolysis: Glycolysis and lipogenesis are coregulated. Several steps of
hepatic glycolysis are subjected to a short-term control. Glucokinase (GK)
controls the first step of glycolysis, phosphorylation of glucose in glucose-
6-phosphate. At low glucose concentrations, GK binds a regulatory protein,
GKRK, and is located in the nucleus. At high glucose concentrations, GK
is released from GKRP and translocated to the cytosol to phosphorylate
glucose.67 Another important regulatory step of liver glycolysis is the one
control led by the liver form of pyruvate kinase, L-PK. This enzyme is activ-
ated by phosphoenolpyruvate. Glucagon phosphorylates L-PK through PKA
and inactivates it, while insulin opposes this phosphorylation and stimulates
glycolysis.68
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Control of the Expression of Glycolytic and Lipogenic Genes

There is a coordinated control of the expression of several glycolytic and
lipogenic genes by metabolic, hormonal, and nutritional factors.44 These
expressions are stimulated by insulin, glucose, and high carbohydrate diets
and inhibited by glucagon, PUFA, caloric restriction, and high-fat diets.
Insulin and glucose alone have only a moderate action and a full stimula-
tion requires the presence of both.44 The action of insulin is mainly mediated
by the transcription factor sterol response element binding protein 1c (Srebp-
1c).69 Insulin induces the transcription of Srebp-1c and this is followed by
a parallel increase in the expression of both the precursor, ER bound, and
the nuclear, mature, forms of the protein Srebp-1c.70 This action of insulin is
mediated by IRS1 and the PI-3 kinase pathway and is opposed by glucagon
via the cAMP-PKA pathway.70,71 A stimulatory role of glucose on Srebp-1c
expression has been described in some, but not all studies. Insulin could
also induce Srebp-1c by increasing the expression and activity of LXRα.72–75

This transcription factor stimulates the expression of Srebp-1c and has, in
addition, a direct stimulatory effect on the expression of several lipogenic
genes.76 Lastly, the AMP dependent kinase (AMPk) suppresses Srebp-1c
transcription.63 Srebp-1c activity requires the cleavage of the precursor form
in order to release the mature, active form.69 This cleavage is not sterol-
sensitive, contrary to the cleavage of Srebp-1a and -2, but could be controlled
by insulin.69 The main direct effect on liver glycolysis and lipogenesis of
activated Srebp-1c is to stimulate the transcription of GK.44 Srebp-1c has also
a moderate direct action on the expression of lipogenic genes, but most of
its action on these genes is indirect and requires the presence of GK and the
phosphorylation of glucose. This explains why glucose and insulin have syn-
ergystic effects on expression of the glycolytic and lipogenic pathways. The
action of glucose requires its phosphorylation and thus the presence of GK.
Glucose is considered to act through the transcription factor ChREBP.77,78

Glucose activates ChREBP by dephosphorylation on specific amino acids,
allowing translocation to the nucleus and its binding, as an heterodimer with
MLX, to a specific sequence of the promoter of its target genes.79 On the
contrary, glucagon, by PKA, and fatty acids, by AMPk, phosphorylate and
inactivate ChREBP.61,62,80,81 It is noteworthy that the effects of fatty acids on
AMPkactivity andonChREBPare not limited to long-chain fatty acids but are
observed also with short-chain fatty acids (SCFA).81 This raises the possibility
that SCFA produced by colonic fermentation of nondigestible carbohydrates
could decrease lipogenesis through stimulation of AMPk and inactivation
of ChREBP. The precise metabolite responsible for the action of glucose on
ChREBP is still debated but could be xylulose-5-phosphate.80 The role of
ChREBP was initially demonstrated for L-PK but has since been extended
to other lipogenic genes61,82,83 and inhibition of ChREBP decreases hepatic
steatosis and plasma TAG levels in ob/ob mice.84 The expression of ChREBP
is also stimulated by glucose in vitro, but this requires high, unphysiolo-
gical concentrations.82 In vivo, liver ChREBP expression is increased by high
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carbohydrate refeeding after fasting but was not modified by fasting itself
nor by a high carbohydrate diet, compared to the fed state and a high-fat diet,
respectively.82,85

High-fat diet and fatty acids, particularly PUFA, decrease the expression
and activity of lipogenesis through several mechanisms.43 First PUFA sup-
press Srebp-1c expression, probably by inhibiting the activity of LXRα.86

Second, as stated above, PUFA phosphorylate ChREBP, through AMPkinase,
and inhibits its activity.81 This inhibition of lipogenesis will facilitate liver
fatty acid oxidation; PUFA have in addition direct effects on the expression of
genes involved in lipid oxidation, particularly, acyl-CoA oxidase, through
activation of PPARα, and CPT-I, independent of PPARα.43,87 In addition,
PPARα, nuclear receptors activated by fatty acids or some of their metabolites
(endogenous ligands) or by exogenous ligands such as fibrates, stimulate the
expression of CPT-I and the major enzymes of the beta-oxidation.40

AMPk has emerged in the past few years as a main regulator of fatty acid
metabolism. It inhibits lipogenesis both on a short-term (ACC phosphoryla-
tion) and a long-term (decreased gene expression through inhibition of
Srebp-1c expression and ChREBP activity) basis, opposes TAG synthesis,
and stimulates fatty acid oxidation.63,88 In addition to its activation in situ-
ations of metabolic stress, it mediates at least in part the effects of metformin,
adiponectin and leptin, and liver fatty acid metabolism.63 Adiponectin and
leptin stimulate also fatty acid oxidation in part by activation or expression
of PPARalpha.65,89 With respect to leptin, it is clear that it reduces in the liver
the expression of Srebp-1c and lipogenic genes but the implication of AMPk
in this effect is unclear. Lastly, some effects of leptin, such as suppression of
SCD 1, are independent of Srebp-1c.90,91

Uptake of Circulating Lipoproteins

The liver takes up TAG-rich lipoproteins, remnants of chylomicrons and of
VLDL, from the circulation thorough the LDLr and the LRP.37 Intracellular
degradation of these lipoproteins will release fatty acids available for liver
metabolism. Moreover, the degradation of chylomicrons and VLDL by LPL
results in a spillover in the plasma of some of the fatty acids released by
LPL.36 These fatty acids can be taken up by the liver and used for TAG
synthesis.92 Although they are taken up as NEFA, they are not provided by
adipose tissue lipolysis but by dietary TAGs or liver-secreted TAGs. The con-
tribution of these sources of fatty acids has been quantified and compared to
one of the other sources (DNL and adipose-derived NEFA). In fasting con-
trol subjects, adipose-derived NEFA account for about 75% of VLDL—TAG
secretedby the liverwhileDNLcontributes little (4–8%).93,54,94 In the fed state,
the contribution of adipose-derived NEFA decreases to around 50%, that of
DNL increases to 10–13%, and dietary derived fatty acids contribute 25–40%
(15–25% from uptake of chylomicrons remnants, 10–15% from spillover of
fatty acids into the NEFA pool). The contribution of DNL is increased in
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obese subjects, hyperlipidemic diabetic patients, and in nonalcoholic fatty
liver disease.58–60,95 In this last pathology, the contributions of adipose and
dietaryderived fatty acids appearsnotmodifiedormoderatelydecreased.60,95

Synthesis, Storage, and Secretion of TAGs

TAG synthesis takes place in the ER and requires the successive action of
G3P acyltransferases (GPATs), 1-acylglycerol-3-phosphate acyltransferases
(AGPATs), and diacylglycerol acyltransferases (DGATs).96–99 Several iso-
forms of these enzymes are encoded by different genes. In the liver DGAT2 is
more abundant than DGAT1 and expression is stimulated by carbohydrates
and insulin.100 G3P necessary for the synthesis of TAGs can be provided
in the liver by the enzyme glycerol kinase, but also through glycolysis and
glyceroneogenesis.101 Newly synthesized TAGs can either be secreted dir-
ectly, that is, enter the pathway for VLDL assembly and secretion, or be
first stored in a cytosolic pool before mobilization for delayed secretion.102

The respective role of these two pathways is debated with experimental data
supporting a major role for the direct or the delayed one.103,104 Recent data
suggest that the delayed pathway is present in humans, but less important
than the direct one.105 Constitution of the cytosolic TAG pool depends in
part on the presence of adipophilin (or ADRP), a protein surrounding lipid
droplets: expression of ADRP is increased in experimental and human ste-
atosis, its adenovirus-mediated overexpression enhances TAG storage while
ADRP-deficientmice havedecreasedhepatic TAGstore and resistance todiet-
induced fatty liver.106–110 Lastly, both PPARγ and α agonists stimulate ADRP
expression and increase TAG storage in hepatocytes.108,109 Stored TAGs must
bedegraded inDAG,orMAG, and fatty acids before reesterification andentry
in secretory pathway.102 This hydrolysis is controlled by the enzyme triacyl-
glycerol hydrolase (TGH).102,111,112 Reesterification occurs inside the ER and
seems to need luminal AGPAT and DGAT.

Entry in the secretory pathway and assembly of VLDL requires the transfer
of TAGs, and also of phospholipids and cholesterol, inside the lumen of ER
and the simultaneous synthesis of Apolipoprotein B100 (ApoB100). Transfer
of lipids is dependent on the presence and activity of MTP.32,33 Assembly of
VLDL occurs in two steps.113 In the first, ApoB100 newly synthesized in the
rough ER is partially lipidated with small quantities of TAGs, phospholipids,
and cholesterol by interaction with MTP to form small, dense, nascent VLDL.
In the second step, mature VLDL is formed by fusion of nascent ones with
protein-free lipid droplets formed in the smooth ER in a MTP-dependent
process. VLDL will then migrate through the Golgi apparatus and secret-
ory granules to the plasma membranes. Synthesis and secretion of VLDL
are stimulated by fatty acids and glucose.114,115 Angiotensin II also stim-
ulates VLDL-TAG synthesis and secretion through the AT1 receptor.116,117

In vitro, insulin increases the synthesis of TAGs but decreases secretion.114

In vivo, insulin decreases also the secretion of VLDL-TAG; this results from
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the insulin-induced decrease in plasma NEFA level and availability but also
from a direct effect on liver.118 Insulin an act by decreasing MTP expression
and stimulating ApoB100 degradation.119 Bile acids also repress MTP expres-
sion and VLDL secretion while PPARα agonists stimulate MTP and ApoB100
expression.120–122 The main regulatory step in VLDL secretion is the initial
lipidation of ApoB100. ApoB100 is continuously synthesized but must be
immediately lipidated inside the ER.UnlipidatedApoB100 is directed toward
degradation. Therefore lipid availability and MTP activity determines the ori-
entation ofApoB100 toward secretion or degradation and is amain regulatory
factor of VLDL-TAG secretion.123 Another regulatory step recently described
is the immediate reuptake of newly secreted VLDL by liver LDLr and the
orientation of nascent VLDL to presecretory degradation by intra-cellular
interaction with LDLr.124

Once secreted, VLDL-TAG will be degraded in part in the circulation by
LPL. Fatty acids released will be taken up by tissues for oxidation or reesteri-
fication or, for a small part, appear in the circulation. Remnants of VLDL will
go back to the liver for further degradation by hepatic lipase or uptake by the
LDL-r or the LRP.

TAGMetabolism in White Adipose Tissue

White adipose tissue (WAT) is by far the largest site of TAGs and therefore
of energy storage. These TAG stores are slowly turning over (half-life in
humans of about 200–270 days but TAGs are continuously synthesized and
broken down by adipocytes.125 Most synthesis occurs in the post-prandial
period, and most TAGs come from ingested lipids, while TAGs are hydro-
lyzed to release fatty acids between meals, in situations of energy restriction
andduring exercise tomeet the energyneedof the body.126 All theseprocesses
are controlled by metabolic, hormonal, and nutritional factors.

TAG Synthesis and Storage

TAGs stored in adipose tissue are synthesized within adipocytes from activ-
ated fatty acids (long chain fatty acyl-CoAs) and G3P. Most of the fatty
acids used for this synthesis come from circulating plasma lipids while
in situ synthesis by DNL has a minor role. G3P has two main possible origins:
glycolysis and glyceroneogenesis.

Sources of Fatty Acids

Circulating Lipids

Fatty acids from circulating lipids are provided by the albumin-bound
NEFA pool and the TAGs of TAG-rich lipoproteins, mainly VLDL in the
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postabsorptive state and chylomicrons in the postprandial state. These circu-
lating TAGs must first be hydrolyzed by LPL bound to the wall of capillaries
in adipose tissue, in order to release their fatty acids.127,128 LPL expression
and activity are increased in adipose tissue in the fed state, particularly during
high carbohydrate diets, probably through the action of insulin, whereas they
are decreased in adipose tissue during fasting and high fat diet.127,128 VLDL-
receptor (VLDL-r), a member of the LDL-receptor family which is expressed
in adipose tissue, intervenesprobably also in theuptake of TAG-fatty acids.129

This receptor binds apoprotein E rich lipoprotein such as VLDL, chylomic-
rons, and remnants and brings them probably in close contact with LPL,
facilitating its action. Mice deficient in VLDL-r have a decreased fat mass and
are resistant to diet-induced obesity; moreover VLDL-r deficiency reduces the
obesity of ob/ob mice.130 However, the exact role of this receptor in humans
remains to be defined.

Uptake of long chain fatty acids by adipocytes occurs by specific transport-
ers and a passive diffusion as in most cells. Human white adipocytes express
several fatty acid transporters: FAT (or CD36), FATP, and FABPpm with FAT
appearing as responsible for most of fatty acid uptake.131 This transport is
dependent on the presence of lipid rafts in the membrane.132 Insulin stimu-
lates the expression of fatty acid transporters and their trafficking to plasma
membranes and thus facilitates fatty acid uptake.133 Once taken up, fatty
acids are inside the cells tightly bound by cytoplasmic FABPs that carry them
from membrane to membrane or to the site of action of the enzyme Acyl-CoA
synthase.134,135 Humanwhite adipocytes express twoFABPs: adipocytes lipid
binding protein (ALBP or AFABP or aP2), expressed only in adipocytes, and
keratinocytes lipid binding protein (KLPB) that is expressed also in macro-
phages. AFABP is much more abundant than KLPB in adipocytes.136 The
next step is the activation of fatty acids in long chain fatty acyl-CoA (LCFA-
CoA) by ACS. LCFA-CoA can then be directed toward oxidation and to the
synthesis of TAGs. This orientation toward oxidation or TAG synthesis is
in other tissues regulated through the inhibition of CPT-I by malonyl-CoA,
the product of acetyl-CoA carboxylase that catalyzes the first step in the lipo-
genic pathway.38 Whether this step is also highly regulated in adipose tissue is
unclear; however, the main metabolic fate of fatty acids in adipocytes appears
to be reesterification into TAGs.

De novo Lipogenesis

The key enzymes for lipogenesis are expressed in human adipocytes although
their expression and activity are lower in human than in rat adipocytes.55,137

DNL in humans is less active in adipocytes than in the liver when expressed
per gram of tissue but, on a whole body basis, the contributions of liver
(1.5 kg) and adipose tissue (12–15 kg) appear comparable (1–2 g/day for each
tissue).53 This is much less than the everyday intestinal absorption of TAGs
and DNL is therefore in humans a minor contributor to adipocyte TAG
synthesis. The regulation of DNL by hormonal, metabolic, and nutritional
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factors is less well defined in adipocytes than in the liver. Insulin increases
FAS expression and activity in human and rodent adipocytes.138,139 This
action involves probably both SREBP-1c and LXRα although the actual role
of SREBP-1c has been questioned.140,141 Glucose stimulates also lipogenesis
in adipocytes and a full stimulation requires, as in liver, the simultaneous
presence of insulin and glucose.142 The action of glucose could be trans-
mitted by ChREBP. This transcription factor is expressed in adipocytes but
a stimulatory effect of glucose on ChREBP translocation to nucleus and
DNA binding activity in adipocytes has not been demonstrated.55,83,85,143

A stimulation of ChREBP expression in adipocytes in vitro by glucose and
insulin has been reported but only in presence of high, unphysiological, gluc-
ose level.143 In vivo, ChREBP expression is poorly responsive to metabolic
and nutritional factors in adipose tissue, and is clearly increased only in
the situation of high CHO refeeding after starvation.82,85,143 Lastly, PUFA
inhibit lipogenesis in adipose tissue but this effect is less marked than in
the liver.144 Overall, the expression and activity of lipogenesis appears less
responsive to metabolic and nutritional factors in adipose tissue than in the
liver53,55,85 although some stimulation has been observed during prolonged
carbohydrate overfeeding.145 An interesting point is that the expression of
ChREBP, Srebp-1c, FAS, and ACC is decreased in the adipose tissue of human
subjects and of experimental models of obesity with long-standing obesity
while the expression and activity of liver lipogenesis are increased.55,58,146

Whether the expressionof lipogenesis in adipose tissue is increasedduring the
dynamic phase of obesity remains to be established. Some data suggest a role
for the renin angiotensin system (RAS) in the control of adipocyte lipogenesis
and TAG storage. WAT expresses the components of a functional RAS.147,148

Mice overexpressing angiotensinogen in adipose tissue have an increased fat
mass with adipocyte hypertrophy.149 In vitro angiotensin II stimulates lipo-
genesis in 3T3-L1 and human adipocytes.150 This effect involves Srebp-1c
and is mediated by the angiotensin type 2 receptor (AT2R).151 Deletion of
this receptor induces adipocyte hypotrophy and resistance to diet-induced
obesity.152 Such mice have reduced expression in adipocytes of Srebp-1c, FAS
but also of LPL, FAT, and aP2 suggesting that angiotensin II stimulates sev-
eral pathways of TAGstorage. Obese subjects overexpress angiotensinogen in
adipose tissue, particularly in visceral adipose tissue and RAS could therefore
have a role in the development of obesity.153

Sources of Glycerol-3-phosphate

Glycerokinase activity is very low inadipocytes andG3Pmustbeproducedby
other pathways: it can come from glucose through the first steps of glycolysis
or from gluconeogenic precursors through glyceroneogenesis.154 Glucose
uptake by adipocytes depends on the glucose transporters 1 and 4 (Glut-1
and Glut-4) responsible respectively of basal and insulin-stimulated glucose
uptake. Insulin acutely stimulates glucoseuptake bypromoting the transloca-
tion of Glut-4 from an intra-cellular pool to the membrane.155 Glucose uptake
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is also stimulated by the acylation stimulating protein (ASP).156 Glyceroneo-
genesis, the other source of G3P, is an abbreviated version of gluconeogenesis
that provides G3P from gluconeogenic substrates such as lactate and pyr-
uvate. The regulatory step of this pathway is that controlled by the cytosolic
form of PEPCK. PEPCK-C expression and activity are increased in adipo-
cytes by PUFA and the PPARγ agonists thiazolidinediones and inhibited by
gluco-corticoids (see Reference 157). The relative contribution of glycolysis
and glyceroneogenesis to G3P production is modified thus by nutritional and
pharmacological factors.101 The overall availability of G3P controls the esteri-
fication rate of fatty acids providedby in situ lipogenesis and circulating lipids
but also the partial reesterification of fatty acids released by the lipolysis of
stored TAGs.

TAG Synthesis

The general pathway is comparable to that in the liver.96–99 The isoforms
GAPT1, GAPT2, AGAPT2, DGAT1 and 2 of the enzymes of TAG synthesis
are present in adipose tissue.158 DGAT1 and 2 expressions are stimulated in
adipose tissue by glucose and insulin and both factors increase TAG syn-
thesis. ASP stimulates also adipocyte TAG synthesis.100,156 The role of these
enzymes in controlling adipose tissue TAG stores is shown by studies of mice
lacking DGAT and of subjects with congenital lipodystrophy.158–160 The intra-
cellular site of TAG synthesis and how new TAG molecules are directed to
lipid droplets for storage are still debated. Classically, TAG synthesis occurs
in the ER. However, recent evidence suggests that most of this synthesis takes
place in a subclass of caveolae inplasmamembrane.161 These caveolae contain
perilipin, a protein coating lipid droplets, and this protein could be involved
in incorporation of newly synthesized TAG into lipid droplets.106

TAG Lipolysis and Release of Fatty Acids

During lipolysis, TAGs are hydrolyzed successively into DAG and MAG to
finally release three fatty acids and one molecule of glycerol per molecule
of TAG. Hydrolysis is usually complete although some DAG and MAG can
accumulate. Adipose tissue has very low glycerol kinase activity and glycerol
is released in the circulation for use by other tissues. Glycerol release depends,
in part, on adipose tissue aquaporin (AQPap), a member of a family of at least
11 proteins that function as water channel.162 AQPap expression is increased
during fasting and reduced by refeeding and insulinwhile thiazolidinediones
stimulate it.163,164 Deletion of AQPap in mice results in obesity.165 Missense
mutations resulting in the loss of transport activity have been described in
humans.166 Fatty acids released by TAG hydrolysis can be either released or
reesterified into TAG without appearing in the circulation. This intracellular
recyclingof fatty acidsdependsof the availability ofG3Pandof the expression
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and activity of esterification enzymes. This recycling is moderate in the basal,
postabsorptive state but high reesterification rates can occur during exer-
cise or in pathological situations such as hyperthyroidism and stress.167–169

The mechanisms of transport of fatty acids released by lipolysis to plasma
membrane are debated. aP2 is probably involved: it forms a complex with
hormone-sensitive lipase (HSL) and aP2 –/– mice have a decreased release
of fatty acids from adipose tissue.170 Efflux of fatty acids involves probably,
as their uptake, both diffusion and transport by specific plasma membranes
proteins.

Lipolysis is mainly controlled by the enzyme HSL whose activity is reg-
ulated principally by catecholamines and insulin through the cAMP-PKA
pathway. However, HSL is controlled also by other mechanisms and other
lipases are involved in adipocyte TAG hydrolysis.

Hormone-Sensitive Lipase

In humans, adipose tissue HSL is a 88 kDa immunoreactive protein of
775 aminoacids (84 kDa and 768 aminoacids in rats). HSL is expressed
also in brown adipose tissue, steroidogenic cells, heart, skeletal muscle,
insulin secreting beta-cells, mammary glands, and (at least in rodents) in
macrophages.171 It hydrolyzes TAG, DAG, and cholesterol esters. In adipose
tissue it hydrolyzes TAGandDAG,with a higher activity forDAG, and, when
acting on TAG, a preference for the sn1-ester and 3-ester bond.171 Monoacyl-
glycerols are hydrolyzed by a different enzyme, a monoacylglycerol lipase,
that releases glycerol and the last fatty acid and has no known regulatory role.
HSL has several functional domains. The N-terminal part is involved in the
dimerization of HSL and therefore in its activity since there is evidence that
its functional form is an homodimer.172,173 Residues 192–200 are necessary for
the interaction with aP2 (see Reference 171), interaction that plays probably a
role in the efflux of fatty acids released by HSL and in preventing the inhibi-
tion of HSL activity by these fatty acids. The C terminal part of HSL contains
the catalytic and regulatory domains. The active serine of the catalytic triad
(position 423 in rat and 424 in humans), is located in a Gly-Xaa-Ser-Xaa-Gly
motif found in lipases and esterases.174 This serine is encoded by exon 6 of the
HSL gene. A short form of HSL of 80 kDa, generated in humans by alternative
splicing of exon 6 during the processing of HSL mRNA, lacks serine 424 and is
devoid of activity.175 Presence of this variant in some obese subjects is associ-
ated with a decreased in vitroHSL activity and a reduced lipolytic response to
catecholamines.176 The other aminoacids of the catalytic triad are Asp 693 and
His 723 in humans (Asp 703 and His 733 in rats).177 The regulatory domain
is encoded principally by exon 7 and most of exon 8 and contains the serines
(serine 563, 565, 659, and 660 in rats) whose phosphorylation status controls
the activity of HSL.171

Catecholamines stimulate lipolysis through their β-receptors and inhibit
it through αreceptors. The net result depends on the balance between
the two actions and is usually in humans a stimulation of lipolysis in
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physiological situations.178 Regional differences in the proportion of these
receptors between different adipose tissue sites result in differences in the
response to catecholamines and in regional differences in the regulation
of adipose tissue metabolism (see References 179 and 180). Stimulation of
HSL activity by catecholamines through β-adrenoreceptors is mediated in
the classical adenylate cyclase-cAMP-PKA pathway. This stimulation results
from the phosphorylation of serine 563.181 Serine 565 (basal site) is phos-
phorylated in basal conditions. The two sites are mutually exclusive and
the basal site can block phosphorylation of serine 563 and thus exerts an
antilipolytic action.182 Serine 565 can be phosphorylated by several kinases,
particularly the AMP dependent kinase (AMPK) 182 (see Reference 183 for
a review of the role of AMPk in adipocyte metabolism). Compounds activ-
ating AMPK, such as metformin, may thus have an antilipolytic action.184

Lastly, evidence has been provided that serines 659 and 660 are also phos-
phorylated by cAMP dependent protein kinase in vitro in rat adipocytes and
thisphosphorylation couldalso stimulate lipolysis.185 OtherpathwaysofHSL
phosphorylation have been described. Increased cAMP level can activate
the MAPK/ERK pathway (mitogen-activated protein kinase/extra-cellular
regulated kinase).186,187 Activated ERK phosphorylates serine 600 of HSL
and increases its activity.186 Lastly, natriuretic peptides ANP (atrial natri-
urtic peptide) and BNP (brain natriuretic peptide) phosphorylate HSL and
stimulate lipolysis.188 This effect is present only in primates. ANP and BNP
activate guanylate cyclase and stimulate cGMP-dependent protein kinases.
They probably play a role in the stimulation of lipolysis during exercice.188

Dephosphorylation of the regulatory site(s) inhibits HSL. Insulin, the
main anti-lipolytic hormone, stimulates the activity of phosphodiesterase 3B
(PDE3B) that breaks down cAMP and reduces the phosphorylation of HSL.189

This action is mediated by the PI3kinase-PKB pathway.190 Ser-563 can also be
dephosphorylated by the protein phosphatases 2A and 2C and insulin could
stimulate these phosphatases.191

Other Lipases

Mice lacking HSL do not develop obesity and have a reduced fat mass.192,193

They always have a marked basal lipolysis and a response of lipolysis to
beta-adrenergic stimuli.192–194 These findings suggest than another lipase(s)
is (are) present and active. The finding that DAGs accumulate in adipocytes
of these mice suggested that such lipase(s) had a preference for the hydro-
lysis of TAGs, and was rate-limiting for this first step of lipolysis while HSL
was limiting for the hydrolysis of DAGs.195 Several lipases have recently
been described.196 The first one, adipose tissue lipase (ATGL), is identical
to the protein desnutrin and to the calcium independent phospholipase A2ζ

described near simultaneously.197–199 ATGL is expressed predominantly in
white and brown adipose tissue, localized to the adipocyte lipid droplet,
and also, to a lesser extent, in heart, skeletal muscle, and testis.197,198 It
hydrolyzes specifically TAG, has low activity against DAG and little or no
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activity against cholesterol esters. Its expression is increased by fasting and
glucocorticoid and reduced by refeeding and insulin.198,200 Its expression is
also reduced in the adipose tissue of ob/ob and db/db mice.198 Polymorph-
isms of ATGL are associated in humans with plama NEFA and TAG levels.201

ATGL N terminal part contains a consensus sequence Gly-Xaa-Ser-Xaa-Gly
for serine lipase with the possible active serine at position 47. ATGL can
be phosphorylated. This phosphorylation is independent of PKA and the
kinases involved and the consequences on enzyme activity remain to be
established.197 Other potential lipases have been described in adipocytes.
Carboxylesterase 3 (known also as hepatic triglyceride hydrolase, TGH) is
present in adipocytes but its quantitative contribution to lipolysis remains
to be determined.11,112,202 Recently, a novel form of TGH, TGH-2, has been
described.203 Adiponutrin is expressed exclusively in adipose tissue, has high
sequence homology with ATGL, the consensus sequence for serine hydro-
lase and possible lipid/membrane bindind domains.204 Regulation of its
expression is however quite different since it is repressed during fasting
and increased in fa/fa rats.204,205 Divergent results on a possible TAG hydro-
lase activity of adiponutrin have been reported and its role in adipose tissue
lipolysis remains uncertain.197,199 Lastly, two other members of the adipon-
utrin family (GS2, GS2-like), recently described, could be involved also in
lipolysis.206

Perilipin and HSL Tranlocation

Phosphorylation of purified HSL induces only a modest increase in its activ-
ity whereas β-adrenergic agents induce a large increase of lipolysis in intact
adipocytes. One explanation for this discrepancy is that phosphorylation of
HSL in adipocytes induces in addition to a stimulation of its activity, its
translocation from the cytosol to the surface of lipid droplets where it can
hydrolyze TAGs.207 This requires the phosphorylation of serines 659 and
660.208 A second explanation is that PKA phosphorylates not only HSL but
also perilipins, proteins surrounding lipid droplets and acting as a gate-
keeper for the access of HSL to TAGs. Perilipins belong with ADRP and
TIP-47 to the PAT family (for a recent review of PAT proteins, see Refer-
ence 106). ADRP is expressed in all cells storing lipids.209 In adipocytes,
it is highly expressed during the differentiation of the cells and the consti-
tution of lipid droplets and its expression decreases in mature adipocytes.
It could be involved in the transport of lipids to droplets.210 Perilipins are
expressed in adipocytes, steroidogenic cells, and foams cells of atheroma
plaques.211,212 Their expression appears during differentiation of adipocytes
and is high in mature adipocytes. This expression requires the presence, and
intra-cellular metabolism, of fatty acids and is also stimulated by PPARγ

agonists.213,214 There are at least three forms of perilipins, A, B, and C,
resulting from different splicing of a common premessenger RNA, and
sharing a common N protein part.211 Perilipin A and B are expressed in
adipocytes, A being the predominant form. Perilipins are phosphorylated by
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PKA on multiple serine sites. In the basal, unphosphorylated state, perilipin
opposes the hydrolysis of TAGs by HSL.215 Perilipin phosphorylation facil-
itates the interaction of HSL with TAGs, and TAG hydrolysis, probably
through tranlocation of the phosphorylated perilipin from the surface of lipid
droplets to the cytosol.216,217 This role of perilipin is supported by stud-
ies of perilipin null mice. These mice have a reduced fat mass and are
resistant to genetic and dietary induced obesity.218,219 Their basal lipolytic
rate is increased but the response of lipolysis to β-adernergic stimulation is
reduced.218,219 Perilipins are present in human adipose tissue and evidence
for a role in the regulation of lipolysis in humans has beenprovided.220,222 The
possible role of perilipin in human obesity remains unclear; both decreased
and increased expression in obese subjects have been reported.220–222

TAGMetabolism in Other Tissues

Skeletal muscles and heart are important sites of fatty acids oxidation
and this oxidation provides much of their energy needs.223 Therefore, this
aspect of lipid metabolism is the main investigated one. However, these
tissues are also able to synthesize and store TAGs. The demonstration that
excessive lipid accumulation in muscle and heart could play a role in insulin-
resistance, diabetes, and cardiomyopathies (concept of lipotoxicity)1 has
focused recent studies on control of fatty aciduptake andof intra-cellular TAG
metabolism.

Fatty acids are provided, as in adipose tissue, by the plasma pools of NEFA
and TAG rich lipoproteins, VLDL and chylomicrons. Uptake of the fatty acids
of these lipoproteins requires also the action of LPL. VLDLr that is highly
expressed in heart and skeletal muscle plays an important role in its uptake by
heart and probably also by muscles.129,224 Transport of fatty acids across cell
membranes depends in part on transporters (FAT, FATP, and FABPpm) with
FAT playing the more important role.225 The expression of FAT is increased by
insulin and activation of AMPk. In addition, FAT is co-localized with Glut-4
in an intra-cellular pool that can be acutely mobilized to plasma membranes
by insulin, through the PI3-kinase pathway, and contraction, by AMPk.225,226

Once taken up, fatty acids are bound by FABP-4 or H-FABP, expressed in
muscle and heart, and activated by ACS before reesterification or entry in
mitochondria and oxidation.15 This orientation depends, as in the liver, on
the activity of CPT-I that is inhibited by the malonyl-CoA produced by ACC
(see References 227 and 228). Muscle tissues have also the potential for lipo-
genesis while heart appears to have low expression levels of FAS.229,230 The
general pathway for TAG synthesis is comparable to that described for liver
andadipose tissue. G3Pnecessary for this synthesis is providedbyuptake and
phosphorylation of plasma glycerol or glycolysis.231 Whether glyceroneogen-
esis is active is presently unknown. TAGs are stored in lipid droplets. ADRP
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and TIP47 are expressed in muscles; their precise role is not known. HSL is
present in skeletal muscle and heart and is responsible for the degradation
of stored TAGs.171,232,233 HSL is stimulated in muscles by epinephrine and
contraction and this is associated, as in adipocytes, with a translocation from
cytosol to lipid droplets.232,234 Fatty acids released by breakdown of stored
TAGs are probably oxidized. Heart has the particularity to express MTP and
ApoB100 and can therefore export TAGs as small lipoproteins.235–237

Regulation of this metabolism in the heart and skeletal muscle is less well
known than in the liver and adipocytes. Training increases the expression of
fatty acid transporters and acute muscle contraction and exercise increases,
through activation of AMPkinase, the translocation to plasma membranes of
FAT, stimulating fatty acid uptake.225 Insulin has the same effects through
the PI-3 kinase pathway.225 In situations of exercise and activation of AMPK-
kinase, ACC activity is inhibited and therefore the main fate of fatty acids
taken up is oxidation.63 Insulin stimulates ACC and in vitro inhibits the oxid-
ation of fatty acids taken up and promotes their storage.227,238 However, in
vivo, at least in the short term in rats, it was found to inhibit the intramyocellu-
lar synthesis of TAGs.239 The effect could be different in the long term. Fasting
decreases SREBP-1c expression while feeding stimulates it.240 In vitro, insulin
increases the expression of SREBP-1c and of lipogenic genes.229 Therefore
overnutrition and chronic hyperinsulinemia could contribute to TAG accu-
mulation in muscles and the heart observed in obesity and type 2 diabetes.241

Whether glucose could contribute through ChREBP, and whether the effects
of simple and complex carbohydrates on fatty acids and TAG metabolism in
muscles and the heart are different have not been determined. Lastly, exercise
training also increases the expression of SREBP-1c and the storage of TAGs
in muscles; surprisingly long-term calorie restriction has the same effect.242

PPARα are highly expressed in skeletal muscles and the heart. In muscles
they increase the expression of CPT-I and thus lipid oxidation but not the
expressionofmembrane transporters for fatty acids, contrary to that observed
in the liver.243,244 Overall, they decrease in muscles the intra-cellular con-
centration of lipids.245 In heart PPARα stimulate the expression of genes of
fatty acid oxidation.40 However, surprisingly, PPARα overexpression in mice
increases TAG accumulation in the heart and induces a cardiac dysfunction
similar to that observed in diabetic myocardiopathy.246 This could be due
to a greater stimulation of the expression fatty acid transporters and of fatty
acids uptake. The effects of PPARα agonists on human heart TAG metabolism
remains tobe established. PPARβ/δ is highly expressed in skeletalmuscle and
activate theexpressionofgenes involved in fattyaciduptakeandoxidation.247

AMPk is activated by muscle contraction and exercise and stimulates the
uptake and oxidation of fatty acids.63 AMPk is also activated by leptin,
adiponectin, and meformin.64,65,248 This results in a lowering of mus-
cular TAG concentration and could contribute to an increase in insulin
sensitivity.249 With respect to intra-cellular lipid content and insulin sens-
itivity, it should be pointed out that, although inverse relationships between
TAG content and insulin sensitivity have been described, there are situations
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such as exercise training resulting in increased muscular TAG content and
insulin sensitivity.242,250,251 This suggests that intra-cellular TAGs are not dir-
ectly responsible for decreasing sensitivity but that othermetabolites (DAGor
fatty acyl-CoA for example) are implicated.1 An increasedTAGcontentwould
be only an index of abnormal tissular lipid metabolism. Actually, increasing
TAG stores could be a way for cells to limit the accumulation of other lipid
substrates with adverse effects on the action of insulin.252

Atheroma is characterized by the storage of excessive amounts of lip-
ids in macrophages and vascular smooth muscular cells (VSMC) of arterial
wall, transforming these cells into foams cells. These lipids comprise mainly
free and esterified cholesterol but contain TAGs also and these TAG par-
ticipate in the development of atheroma.253 Actually, the TAG content of
arterial wall increases with age and development of atheroma.254 In vitro
macrophages and VSMC store TAGs. The fatty acids necessary for the syn-
thesis of these TAGs can be provided by the uptake of plasma NEFA and
of plasma lipoproteins.254,255 They may also be provided in situ by DNL.256

Macrophages and VSMC express the genes for lipogenesis and this expres-
sion is increased in cells of the atheroma plaque.254,257 In addition, LXR
alpha increases the expression of lipogenesis and the accumulation of TAG
in SVMC.254 Lastly, PAT proteins (perilipin, ADRP, TIP47) are expressed
in macrophages and SMVC.212,258 The expressions of perilipin and ADRP
are increased in atheroma and in vitro their overexpression increases TAG
storage in macrophages.212,258,259 Further studies of the control of lipogen-
esis and TAG metabolism in cells of arterial wall and of the possible role of
abnormalities of this metabolism in atheroma are needed.

Cholesterol Metabolism

This part of the chapter is focused mainly on the intra-cellular metabol-
ism of cholesterol, that is, how cells handle cholesterol, how they maintain
the amount of cholesterol present in membranes within narrow limits by
regulating the synthesis and uptake of cholesterol on the one hand and
cholesterol efflux on the other and how the intra-cellular traffic of cho-
lesterol is organized.2,260,261 For the transport of cholesterol in circulation
incorporated in plasma lipoproteins, the reader is referred to a recent
review.262

Synthesis and Uptake of Cholesterol by Cells

All cells synthesize cholesterol and endogenous synthesis is in humans the
main source of cholesterol (around 800–1200mg compared to 200–400mg
of dietary intake).3,263 Cholesterol is synthesized in the ER from acetyl-
CoA.264 This synthesis produces free cholesterol (FC) that is then distributed
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to the various cell membranes or esterified in esterified cholesterol (EC)
by the enzymes ACAT.265 Delivery to various cell organelles occurs by
both vesicular and nonvesicular transport. This transport involves several
proteins, in particular caveolins and SCP-2, and specialized structures of
membrane such as caveolae and rafts (see Reference 260 for a review on
intracellular cholesterol trafficking). The regulatory limiting step is that cata-
lyzed by the microsomal enzyme βhydroxy-βmethyl-glutaryl-CoA reductase
(HMG-CoA-R) reductase.266 The activity of this enzyme is inhibited by its
product, mevalonate, as well as by cholesterol and some oxysterols.266 It is
also inhibited by phosphorylation by AMPkinase and stimulated, through
dephosphorylation, by insulin.267 The expression of HMG-CoA reductase is
tightly controlled by the amounts of cholesterol in the ER membranes through
the transcription factor SREBP-2 (see next paragraph).

Cholesterol is takenup fromcirculating lipoproteinsbydesorption (transfer
of cholesterol from lipoprotein to the exogenous leaflet of plasma mem-
brane) or by receptor mediated uptake.268 The most important process in
most cells is the one involving the LDLr.269,270 This ubiquitous receptor
recognizes the apolipoproteins ApoB100 and ApoE and binds IDL, LDL,
also remnants of chylomicrons and VLDL, and ApoE containing HDL. Once
bound by LDLr, lipoproteins and LDLr cluster in clathrin coated pits before
endocytic uptake. After endocytosis the complex LDLr-lipoproteins is dis-
sociated. LDLr is recycled back to cell membrane while lipoproteins are
digested in late endosomes and lysosomes. Cholesterol esters are hydro-
lyzed in lysosomes to release FC that is then delivered to membranes of
cell and of organelles. This distribution of FC requires the presence in the
membrane of late endosomes of the proteins Niemann-Pick type C1 and
C2.271,272

These two processes, cholesterol synthesis and cholesterol uptake by the
LDLr, are tightly regulated at the level of expression of regulatory genes,
particularlyHMG-CoA-R andLDLr in order to keep the content of cholesterol
in membranes within narrow limits.2 These expressions are controlled by the
transcription factor Srebp-2.69 The precursor form of Srebp-2 is retained in
the ER membrane in tight association with Srebp cleavage activating protein
(SCAP) by binding to this complex of INSIG (insulin-induced gene) proteins
when cholesterol content of the membrane is high. When cholesterol level
is low, INSIG releases the Srebp-2-SCAP complex that moves to the Golgi
apparatus where a two-step cleavage releases the mature (N-terminal) form
of Srebp-2.69 This mature form moves to the nucleus where it binds specific
sequences in the promoter of its target genes, particularly LDLr and HMG-
CoA-R) stimulating their expression. Ultimately, this will restore cholesterol
content in the ER membrane and inactivate Srebp-2 cleavage, closing the
regulatory loop.

Cells take up cholesterol through other receptors, LRP and the scav-
enger receptors.273,274 LRP binds ApoE containing lipoproteins and has
an important role in the hepatic clearance of remnants from VLDL and
chylomicrons.37 Scavenger receptors, such as SR-A and CD36, bind mainly
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modified (acetylated, oxidized) lipoproteins. They have a major role in the
uptake of these modified lipoproteins and in the accumulation of cholesterol
by macrophages in arterial walls. These pathways of cholesterol uptake by
cells escape feedback regulation since the expression of these receptors is not
controlled by cholesterol content and the transcription factor Srebp-2. Among
these scavenger receptors, scavenger receptor type B1 (SR-B1, or CLA-1 in
humans) has a particular role. It is highly expressed in steroidogenic cells,
liver, adipose tissue, lung, and monocytes.260 SR-B1 can promote cholesterol
efflux to HDL but its main role is delivery of EC of HDL to cells. In particular,
SR-B1 delivers to steroidogenic cells cholesterol used for synthesis of steroid
hormones. It has also a main role in reverse cholesterol transport from peri-
pheral cells to the liver since itmediatesuptakeby the liver ofHDL-cholesterol
that will be excreted in bile as FC or after transformation in biliary acids (see
next paragraph). SR-B1 expression is stimulated in hepatocytes and adipo-
cytes by oxysterols through the nuclear receptor LXRα.275 In addition, insulin
and angiotensin induce in adipocytes the translocation of SR-BI from intra-
cellular pools to theplasmamembrane and stimulate theuptake of cholesterol
from HDL; these actions are mediated by the PI3-kinase pathway.276

In order to prevent excessive accumulation of FC, which impairs correct
functioning of membranes, is toxic for cells, and can induce apoptosis, cells
can, in addition to shutting down cholesterol synthesis and uptake by the
LDL pathway, increase esterification of cholesterol by the enzymes ACAT-1
and 2, and/or stimulate cholesterol efflux.277,265 EC is stored in lipid droplets
and can be released later as FC by a neutral cholesterol ester hydrolase or in
some cells as steroidogenic cells and murine macrophages by HSL.278,171 FC
will then be used for cell membranes, directed toward efflux, esterified again,
or, in steroidogenic cells, used for synthesis of steroid hormones. The activity
of ACAT is stimulated by FC.279 Little is known about the control of expres-
sion and activity of NCEH.212 The control of HSl in steroidogenic cells is also
poorly known. These cells also express ADRP and perilipin; whether per-
ilipin plays in these cells the same role as in adipocytes is unknown.106,209,211

The cycle between FC and EC may constitute a short-term buffering of FC
cell level. However, most cells can store only small amounts of EC, and the
excessive storage in macrophages and VSMC of arterial wall is a hall mark of
atherosclerosis. Adipocytes have some particularities with respect to choles-
terol storage. They store TAGs but also relatively large amounts of cholesterol
(1–5 mg of total lipids).280 Most (about 95%) of this cholesterol in the free, not
esterified, form, contrary to that is observed in steroidogenic cells and in foam
cells. This cholesterol is present in two major pools, the plasma membrane
and the phospholipid monolayer surrounding the lipid droplets. There is a
strong correlation between fat cell size and its cholesterol content. This con-
tent increases during replenishment of lipid droplets and increases further
in hypertrophic adipocytes in obese state.281 Thus, adipose tissue can store
large amounts of cholesterol, particularly during obesity. These data suggest
that adipose tissue could play a significant role in whole-body cholesterol
metabolism and have a buffering role of not only TAGs but also cholesterol.
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All cells can produce oxysterols, these are qualitatively important since
oxysterols are potent activators of LXRα, but this is quantitatively a minor
pathway and, with the exception of hepatocytes that synthesize biliary acids
from cholesterol, cells cannot metabolize significant amount of cholesterol.
Secretion of cholesterol incorporated, mainly as EC, in lipoproteins is lim-
ited to hepatocytes, cells of intestinal mucosa and, to a much less extent,
macrophages.282 Therefore, most cells rely for the elimination of excess free
cholesterol on cholesterol efflux to plasma acceptors, apolipoproteins AI or
HDL, the first step in reverse cholesterol transport to liver. SR-BI can promote
some cholesterol efflux, but, as stated above, its main function is to deliver
cholesterol of HDL to liver and steroidogenic cells.283 Most of the efflux of
excess FC from cell membranes is dependent on two members of the ABC
transporters family, ABCA1 and G1.283–285 ABCA1 controls the efflux of FC
to lipid-free apolipoproteins such as ApoAI, a major step in the constitution
of nascent HDL.286 Its defect is responsible for Tangier disease, characterized
by very low HDL-cholesterol levels, accumulation of EC in macrophages, and
accelerated atherosclerosis.287 ABCA1 is expressed in all cells and its expres-
sion is stimulated by cholesterol loading and oxysterols through the nuclear
factor LXRα.288 PPARsα and γ also increase ABCA1 expression but indirectly
through a stimulation of LXR expression.59,289 ABCA1 is also regulated at the
posttraductional level; cholesterol and PUFA stimulate the degradation of the
protein ABCA1.290 The role of ABCG1 has been described recently. It controls,
at least in macrophages, the efflux of cholesterol to HDL, but not to lipid-free
ApoAI.284,285 Its expression is also stimulated by LXRα.284 Since LXRα con-
trols the expression of cholesterol-ester transfer protein (CETP), phospholipid
transfer protein (PLTP), cholesterol 7α hydoxylase in liver, at least in rodents,
and of AGCG5 and G8, this nuclear factor has thus a major role in the control
of cholesterol efflux and reverse cholesterol transport.282,291

Cholesterol sent back to liver by reverse cholesterol transport can be used
by liver for cell membranes or esterified but its main fate is biliary excretion,
either as FC or as biliary acids. This excretion in bile is the only path-
way for elimination of cholesterol from body. Cholesterol 7α hydoxylase
(CYP7A1) is the enzyme controlling the main pathway of the synthesis of
biliary acids from cholesterol.264 Its expression is stimulated by LXRα, dir-
ectly in rodents, and probably through pparα in humans. Most biliary acids
are reabsorbedby intestine and takenupbyhepatocytes (entero-hepatic cycle)
where they inhibit their own synthesis.282,291 These effects are mediated by
the nuclear factor FXR.282 Actually, biliary acids have, through binding to
this receptor, major effects on their own metabolism: activated FXRs stimu-
late the expression of bile salts export protein (BSEP) and thus their excretion
in bile, and repress the one of natrium taurocholate CoTransporter protein
(NTCP) and their uptake from circulation.291 FXR inhibits also the expres-
sion of CYP7A1.291,292 All these actions limit the concentration of bile acids
in hepatocytes and prevent their toxic effects. In addition, FXRs stimulate
the expression of ileal bile acid binding protein (I-BABP) a protein implicated
in the intestinal absorption of bile acids.291 Through repression of CYP7A1,
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activated FXR limits the synthesis of bile acids and thus a main pathway
of elimination of cholesterol by the body. The importance of this control
of cholesterol metabolism by FXR and bile acids is shown by situations of
decreased absorption of bile acids, either in patients with severe malabsorp-
tion or induced by molecules such as cholestyramine; the high utilization rate
of cholesterol for bile acid synthesis induces a major stimulation of liver cho-
lesterol synthesis and of uptake of plasma cholesterol, resulting in a decrease
of plasma cholesterol.293 FXR controls also the expression of genes of fatty
acids and TAG metabolism: it stimulates the expression of apolipoprotein CII,
an activator of LPL, and VLDLr, inhibits those of ApoCIII, an inhibitor of LPL,
Srebp-1c, and MTP.294−297,120 These actions could explain why subjects with
severe malabsorption have a major stimulation of hepatic lipogenesis and
raised TAG levels.293 Thus FXR, as LXR, appears implicated in the control of
cholesterol but also fatty acid, TAG, and bile acid metabolism, both through
direct actions and interactions with each other.282,291 Together with Srebps,
they appear as important players in the regulation and the coordination of
these metabolisms.
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Introduction: Microbial Gut Flora and Lipid Homeostasis

Recent data have been published, showing that gut flora composition is
different in obese and nonobese individuals.1 In humans, the relative pro-
portion of Bacteroidetes versus Firmicutes is decreased in obese people in
comparison to lean people, and this proportion increases with weight loss
on two types of low-calorie diet (low carbohydrates or low fat diet). In
mice that are genetically obese (leptin-deficient ob/ob mice), the amount
of Bacteroidetes is half the value counted in their lean siblings.2 These
changes in bacterial composition—observed both in obese humans and
animals—were division-wide, whereas bacterial diversity remained con-
stant over time; no blooms or extinctions of specific bacterial species were
observed in obese versus lean individuals, or after dietary (low calorie)
intervention.1

Apparently, composition of the flora has been implicated in calorie sparing
from food, and on fat mass development. Ingestion of the same quantity of
food allows ob/ob mice to harvest more calories than corresponding lean
animals, and the flora composition seems relevant to explain this difference:
the “energy sparing” trait is transmissible to germ-free recipients when they
are colonizedwithan“obesemicrobiota.” This colonization results inagreater
increase in total body fat than does colonization with a “lean microbiota.”3

The presence of the gut microbiota itself controls metabolic responses to
energy-dense food. In contrast tomicewith a gutmicrobiota, germ-free anim-
als are protected against the obesity that develops after consuming a high
fat/high sugar diet.4 This protection toward fat mass development in ger-
mfree mice is purportedly attributable to an elevated level of fasting-induced
adipocyte factor (FIAF). This factor inhibits lipoprotein lipase (and therefore
limits fat storage of dietary fatty acids) and promotes fatty acid oxidation in
muscles by inducing peroxisomal proliferators activated receptor coactivator
(Pgc-1α). Moreover, germ-free animals exhibit higher AMP kinase activity in
the liver and in muscles—a phenomenon independent of FIAF expression—
that favors the inhibition of anabolism (inhibition of key enzymes controlling
fatty acid andglycogen synthesis) and thepromotionof fatty acid β-oxydation
(carnitine palmitoyltransferase I activity).4 FIAF expression may be modu-
lated by specific microbial determinants: when germ-free mice are colonized
by saccharolytic and methanogen species (Bacteroides thetaiotaomicron and
Methanobrevibacter smitthii), intestinal FIAF expression is suppressed, and de
novo lipogenesis and host adiposity increase.5,6

The gut microbiota may affect hepatic lipid metabolism and hormones
involved in energy homeostasis. Germ-free mice colonized with the gut
microbiota derived from conventionally reared mice have a higher level of
circulating leptin, a higher fasting glycemia and insulinemia, and a higher
expression of factors/enzymes promoting de novo lipogenesis in the liver
(increase in SREBP-1c, sterol response element binding protein, ChREBP,
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carbohydrate response elementbindingprotein, ACC, acetylCoAcarboxylase
and FAS, fatty acid synthase).6

These data support the key idea that the gut microbiome can contribute to
the pathophysiology of obesity.
Could specific modulation of gut flora by prebiotics have influences on fat

mass development, and on lipidmetabolic disorders associatedwith obesity?
The possibility that prebiotics can exert “systemic” physiological effects,

which are related to their beneficial effects on food intake, on glucose and
lipid metabolism, and on other risk factors for cardiovascular disease is now
well documented.7–9 Someprebiotics (inulin-type fructans) have been shown
to stimulate the production of gut peptides by the colon; this effect, and the
consequences on appetite and metabolism, is largely reviewed elsewhere in
this book. We will focus on the effect of prebiotics on lipid metabolism and
other effects related to the health risks associated with obesity and metabolic
syndrome.

Effect of Prebiotics on Lipid Metabolism: Experimental Studies
in Animals

Effect on Fatty Acid and TAG Metabolism

Effect on Serum and Hepatic TAG

Depending on the type of diet and the genetic background of the animals, the
effect of prebiotics on lipid metabolism may be present either in the liver
(improvement of steatosis) or in the serum (decrease in triglyceridemia),
or both. In rats fed a lipid-rich diet containing 10% fructans, a decrease in
triglyceridemia also occurs without any protective effect on hepatic TAG
accumulation and lipogenesis, suggesting a possible peripheral mode of
action.7 By contrast, in obeseZucker rats, dietary supplementationwith fruct-
ans lessens hepatic steatosis, with no effect on postprandial triglyceridemia.
This effect is likely to result mainly from a lower availability of nonesterified
fatty acids coming from adipose tissue, since fat mass and body weight are
decreased by the treatment.10

In nonobese rats and/or hamsters fed a high carbohydrate diet, a decrease
in hepatic and serum TAG was observed, when inulin-type fructans,11 fer-
mented resistant rice starch,12 raw potato, or high amylose corn starch13 were
added to the diet for several weeks. The TAG lowering effect was also shown
in beagle dogs receiving 5% oligofructose (OFS, a short-chain inulin-type
fructan), associated with 10% sugar beat fiber.14 The TAG lowering effect of
fructans can be, depending on the model, dose dependent.15,16 Interestingly,
a TAG lowering effect of inulin-type fructans was shown in apoE-deficient
mice. In this model, the inhibition of plaque formationwasmore pronounced
with long-chain inulin, than with shorter ones.17 A decrease in serum TAG
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was even more pronounced in animal models in which the diet is enriched
with dietary fructose.18,19 OFS also decreases steatosis (hepatic TAG accu-
mulation) in models in which TAG synthesis in the liver is promoted, either
induced by a fructose-rich diet in rats, or due to leptin receptor defect.10,18–20

It also protects rats fed a high sucrose/high fat diet against hepatic ste-
atosis, and decreases, in this model, susceptibility to the hepatotoxic effect
of phenobarbital treatment.21

Biochemical Targets

The decrease in serum TAG due to prebiotics such as fructans mainly res-
ults from a decrease in very low density lipoproteins (VLDL) shown in rats
or hamsters.22,23 In animals, reduced triglyceridemia observed after fructan
feeding is often linked to a decrease in de novo lipogenesis in the liver, but not
in adipose tissue.24 The activity andmRNA levels of key enzymes involved in
fatty acid synthesis (ACC, glucose-6-phosphate dehydrogenase, ATP citrate
lyase, FAS) are lower in fructan-fed animals, suggesting that a lower lipo-
genic gene expression is involved in the decreased lipogenic capacity after
fructan supplementation.19 This effect on hepatic de novo lipogenesis was
also shown in rats fed resistant starch.25 Moreover, following an overnight
fast, male Wistar rats ingesting a meal with a resistant starch content of 2%
or 30% of total carbohydrate exhibited a lower rate of lipogenesis in white
adipose tissue.26

The decrease in glycemia and/or insulinemia observed in animals fed syn-
thesic (from saccharose) or chicory root-derived inulin has been proposed as a
mechanism explaining the lower de novo lipogenesis.21,27 In fact, glucose and
insulin promote lipogenesis, through the activation of several key peptides
or nuclear factor (activation of SREBP-1C, phosphorylation of AMPkinase).28

No data have hitherto been published to afford the implication of the lower
SREBP-1C or AMPkinase in the antilipogenic effect of inulin-type fructans
and other nondigestible carbohydrates.
Levan from Zymomonas mobilis, which are largely fermented in the caeco-

colon by bifidobacteria, also reduce the expression of gene coding FAS and
ACC in the liver (but not in the adipose tissue) of rats fed a high fat/high
sucrose diet; this phenomenon correlates with decrease in insulin level.29

The authors, in view of their experimental results, suggest that, besides
the lower glucose-induced lipogenesis, prebiotics could also promote fatty
acid oxidation via an activation of hepatic peroxisome proliferators activated
receptor-alpha (PPARα. Some recent data obtained in our laboratory support
a role for PPARα inOFS effects, since PPARαKO (−/−)mice treatedwithOFS
had the same hepatic and serum TAG level as that measured in the controls
(Cani, P.D. et al. pers. comm., 2007).

Effect on Cholesterol Homeostasis

Type 2 (high amylose) resistant starch (200 g/kg diet) lower cholesterol con-
tents in total serum and triglyceride-rich lipoprotein rats.13 This fact is in
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accordance with the lower cholesterol absorption observed in rats fed with
soluble corn bran arabinoxylans or fermentable starch.13,30 Increased LDL-
receptor mRNA content could also contribute to the decrease in serum total
cholesterol occurring in rats receiving beans resistant starch in their diet for
4 weeks.31 Other fermentable soluble dietary fibers, such as pectin, low vis-
cosity guar gum, and beta-glucan from oat bran have been shown to lower
serum cholesterol in rats.9

Several studies have also reported adecrease in total serumcholesterol after
dietary supplementation with inulin (10%) in mice or rats.17,22,32–35 Experi-
ments in apoE-deficientmice support the fact that dietary inulin (mainly long
chain inulin) significantly lowers by about one-third, total cholesterol levels.
This is accompanied by a significant decrease in hepatic cholesterol content.
The authors suggest that the decrease in serum cholesterol could reflect a
decrease in TAG-rich lipoproteins which are also rich in cholesterol in apo-E
deficient animals.17

Concerning hypocholesterolemic effect of prebiotics, several mechanism
have been proposed, which are often related to a modulation of bile acid
intestinal metabolism, but other properties (e.g., steroid-binding properties)
are evoked, which are independent of the fermentation of the prebiotic in the
lower intestinal tract.9,13,36,37

Effect on Pathologies Associated with Disturbances of Lipid Metabolism

Prebiotics as a Potential Treatment against Atherosclerosis

Hyperlipidaemia is well recognized as a risk for the development of
atherosclerosis.38 In the previous section, the hypolipidaemic activity of pre-
biotics has been reviewed. Other interesting effects of prebiotics could be in
the context of cardiovascular diseases. Busserolles et al.18 showed that OFS is
protective against the pro-oxidative effects of fructose-rich diet in rats. This
could contribute to lower heart lipid oxidation, and thus could contribute
to the cardioprotective effect of prebiotics. In addition, end products of diet-
ary fiber fermentation, that is, short-chain fatty acids (SCFA), can modulate
the expression of multiple genes involved in the process of atherosclerosis.39

Based on these data, Rault-Nania et al. have shown that the addition of inulin-
type fructans to diet (10%, 16 weeks) may reduce the atherosclerotic plaque
formation in apoE-deficient mice.17 The results of this study suggest that
the inhibition of atherosclerotic plaque formation observed in the presence
of long-chain inulin, either alone or in combination with OFS, is probably
related to change in lipid metabolism.

Prebiotics as Modulators of Lipid Metabolism Disorders Associated
with Inflammation

A close interplay exists between lipid metabolism and sepsis. Bacterial
endotoxin (lipopolisaccharides, LPS) elicits dramatic responses in the host
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including elevated plasma lipid levels due to the increased synthesis and
secretion of TAG-rich lipoproteins (VLDL) by the liver, and the inhibition
of lipoprotein lipase. This cytokine-induced hyperlipoproteinemia, clinically
termed the “lipemia of sepsis,” was customarily thought to represent the
mobilization of lipid stores to fuel the host response to infection. Further-
more, since lipoproteins can also bind and neutralize LPS, several studies
suggest that TAG-rich lipoproteins are components of an innate, nonadapt-
ative host immune response to infection.40–42 It is frequently assumed that
dietary nondigestible carbohydrates improve host resistance to intestinal
infections by stimulating theprotective gutmicroflora.43,44 Interesting studies
showed that dietary supplementation with the prebiotic OFS not only pro-
tected animals against enteric infection, but also promoted resistance toward
systemic infection induced by i.p. injection with Salmonella typhimurium or
Listeria monocytogenes.45 In a recent study, we tested the hypothesis that OFS
can modulate the response to an endotoxic shock induced by LPS adminis-
tration to rats.46 We have shown that dietary OFS paradoxically increases
serum TAG 24 h after LPS challenge, a phenomenon that could contrib-
ute to the protection of rats toward systemic infection. Similar results were
obtainedwith other prebiotic carbohydrates. For example, the administration
of lactulose (p.o.) may prevent systemic endotoxemia and the subsequent
inflammatory response in experimental model of obstructive jaundice, so as
to extend survival.47 In fact, several immunomodulatory effects of dietary
fibers such as OFS, glucomannan, lactulose, beta-glucan, and resistant starch
have been reviewed by Shley and Field.44 An interesting question remains to
be addressed in further investigations: Are these immunomodulatory prop-
erties linked, at least in part, to change in lipoprotein metabolism induced by
prebiotics?

Prebiotics as Potential Treatment against Obesity

In most studies performed in animals (rats and mice), the decrease in trigly-
ceridemia and/or in hepatic TAG level due to fructan feeding is coordinated
with a decrease in fat mass development, observed after 2–4 weeks of treat-
ment in mice or rats (depending on themodel) and a lower bodyweight after
a prolonged treatment (more than 5weeks in rats). Subcutaneous and visceral
fat mass are both decreased by prebiotics. These effects have been studied in
obese Zucker fa/fa rats, in rats fed a high fat diet or a diet enriched with
fructose, and in mice fed a high fat diet.20,27,32

It has been reported that chronic resistant starch (RS) feeding in rats also
causes a decrease in adipocyte cell size, a decrease in FAS expression, and
reduced whole-body weight gain relative to digestible starch feeding.48 On
a whole-body level, this attenuation of fat deposition in white adipose tissue
in response to a RS diet could be significant for prevention of weight gain in
the long term.26

The decrease in fat mass development is clearly linked to a decrease in
energy intake (see below for further details). Besides this effect on fat mass
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development, no effect on serum nonesterified fatty acids is observed in the
animals receiving prebiotics.

What is the Link between the Effect of Prebiotics inside the Gut
and Their Effect on Lipid Homeostasis?

Implication of Energy Intake and Energy Expenditure on the Fat-Reducing
Effect of Prebiotics

The analysis of food intake behavior reveals that fructan feeding decreases
by about 5–10% total energy intake throughout the treatment (Delzenne et
al. in press in J. Nutr., 2007). This effect explains the relevance of those prebi-
otics in the control of fat mass development in different animal models. The
“satietogenic” effet of nondigestible carbohydrates, results from the overpro-
duction of anorexigenic gut peptides (GLP-1, glucagon-like peptide-1 and
PYY) and a decrease in orexigenic peptides (ghrelin).49 We have shown, in
high fat fedmice, that the antiobesity effect of fructans is clearly dependent on
the higher production of GLP-1 by L cells in the colon, and requires a func-
tional GLP-1 receptor.50–52 In mice exhibiting a functional GLP-1 receptor,
the following beneficial effects of oligofructose were observed: a decrease in
food intake, in fat mass, in body weight gain, an improved glucose tolerance
during oral glucose tolerance test, an improved hepatic insulin resistance.
The disruption of GLP-1R function, by infusing chronically Ex-9, prevented
themajority of those beneficial effects observed following oligofructose treat-
ment. The importance of GLP-1R-dependent pathways was confirmed using
GLP-1R–/– mice fed a high fat diet; no beneficial effects of OFS treatment
were observed in GLP-1R–/– mice. Moreover, in some specific experimental
models, OFS did not have any effect on body weight and glucose homeo-
stasis; those models were also characterized by a lack of effect of OFS on
GLP-1 production in the colon,51 or were characterized by a lack of GLP-1.
Leptin is another peptide known to control food intake. The acute admin-

istration of propionate has been shown to increase circulating leptin in mice,
through the interactionwith the orphanG protein coupled receptor GRP41.53

However, the administration of OFS in rats receiving a diet rich in fructose
lead to a decrease in serum leptin.18 The administration of levan, which is
largely fermented by bifidobacteria in the colon, also decreases, in a dose-
dependent manner, the level of serum leptin, in rats fed a high fat diet for
4 weeks.29 This decrease in leptin was coordinated to a decrease in serum
insulin. Therefore, it seems, in view of the rare data available, that prebiotics
feeding lowers serum leptin, probably as a consequence of the decrease in fat
mass observed in prebiotics-fed animals. Leptin is thus not involved in the
control of food intake by prebiotics; in accordance with this hypothesis, sev-
eral studies ofmice or rats lacking leptin (receptor) expression or functionality
have shown that the mice keep eating less energy throughout the treatment
with nondigestible prebiotic carbohydrates such as fructans, as compared
with control animals receiving the corresponding control diet.20
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Link Between Gut Microbiota and Lipid Metabolism

Since prebiotics modulate the growth of endogenous bacteria, what about an
effect linked to probiotics themselves? Could an effect be mediated through
the modification of intestinal flora?
Most prebiotics promote the growth of lactic acid producing bacteria.

The possibility that modification of intestinal flora may have beneficial
effects on lipid metabolism is supported by studies using lactic acid pro-
ducing probiotics (live microbial feed supplements, e.g., fermented dairy
products).54–58

The influenceofprobiotics onTAGhomeostasis is onlypoorlydocumented.
An interesting review suggests amoderate cholesterol lowering effect asso-

ciatedwith the consumption of dairy products fermentedwith specific strains
of Lactobacillus and/or Bifidobacterium.33 The regular consumption of both
probiotic and conventional yoghurt for 4 weeks exerted a positive effect on
the lipid profile (increase in HDL/LDL ratio) in plasma of healthy women.59

In animals, a cholesterol-lowering action of certain fermented dairy products
indicates that the bacterial content, andmore precisely the combination of dif-
ferent types of bacteria such as Lactobacillus acidophilus, Lactobacillus casei, and
Bifidobacterium bifidum, was responsible for the cholesterol-lowering action of
dairy product.54 Bifidobacteria proliferation does not seem to play an exclus-
ive key role in the hypocholesterolemic effect or prebiotics, since levan β-2-6,
which is not bifidogenic, decreases serum cholesterol in rats.60 An enhanced
bile aciddeconjugation, and subsequent enhanced fecal bile acid excretionhas
been implicated in the cholesterol reduction associated with certain probiot-
ics and prebiotics.58 Another hypothesis is that cholesterol from the growth
medium of fermented product is incorporated in the bacterial cell membrane
and thus escapes digestion.33 Intestinal colonization potency of probiotics,
which is strongly dependent on the strain, seems a crucial factor in determ-
ining a hypocholesterolemic effect.61 This may explain why a combination
of probiotics (lactobacilli) and prebiotics (fructans) promotes a decrease in
cholesterolemia (–0.23 mol/L) in healthy people.62 Positive effects of altered
intestinal flora have also been reported in studies in which no probiotic addi-
tion is given: in a four-phase randomized crossover study in healthy people,
a higher HDL-cholesterol and a lower LDL-cholesterol was correlated with
lower fecal output of fusobacteria and bacteroides, due to resistant starch
treatment.63

What is the Role of Short-Chain Fatty Acids in the Modulation of Lipid
Metabolism by Prebiotics?

Intestinal breakdown of prebiotics leads to the production of substantial
amounts of SCFA, mostly acetate, propionate, and butyrate, which are
almost completely absorbed along the digestive tract. Whereas butyrate is
widely metabolized by enterocytes, propionate and acetate can reach the
liver through the portal vein.64 When acetate enters the hepatocyte, it is
mainly activatedby the cytosolic acetylSCoAsynthetase 2, and then enters the
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cholesterogenesis and lipogenesis pathways. This effect has been proposed as
a rationale for the hypercholesterolemic effect of nondigestible carbohydrates
such as lactulose, for which fermentation in the colon results in enhanced
acetate, but not propionate, production. Conversely, propionate is a com-
petitive inhibitor of the protein devoted to the entrance of acetate in liver
cells,32 a phenomenon which contributes to a decrease in lipogenesis and
cholesterogenesis, at least in vitro in rat hepatocytes. The production of a
high concentration of propionate, through fermentation, has been proposed
as a mechanism to explain the reduction in serum and hepatic cholesterol
through resistant starch or fructans feeding in rats.12,13,65–67 It thus appears
that the pattern of fermentation of prebiotics, and mostly the ratio of acet-
ate/propionate reaching the liver through the portal vein, is a putative
intermediatemarker that could beused to predict the potential lipid-lowering
properties of prebiotics and other nondigestible fermentable carbohydrates.
Interestingly, acetate, when given in the diet of diabetic mice at a dose of
0.5% for 8 weeks, activates AMPkinase in the liver, a phenomenon related to
inhibition of de novo lipogenesis.68 The incubation of rat hepatocytes with
acetate (0.2 mM), activates AMPkinase and decreases SREBP-1c expression,
two factors clearly implicated in the regulation of lipogenesis. Therefore, the
classical deleterious role attributed to acetate as a precursor of lipogenesis
might bemodulated taking into account its regulatory effect on keymolecular
factors involved in fatty acid synthesis in the liver.
Key experimental data that can assess the quantitative contribution of acet-

ate and propionate produced in the colon through prebiotic fermentation, in
the synthesis and regulation of lipid synthesis in vivo are lacking in humans.

Effect of Prebiotics on Lipid Metabolism: Data Available
in Humans

The effects of prebiotics on blood lipids in humans report some pos-
itive outcomes obtained from a small number of well-designed human
studies.9,10,33,69–71 Relevant studies reported in the literature with oligosac-
charides (mainly inulin-type fructans) and glucomannan are presented in
Table 10.1; the authors have investigated the response of blood lipids (usually
total and LDL-cholesterol and TAG) to prebiotic supplementation in human
volunteers. Studies have been conducted in both normo- and moderately
hyperlipidaemic subjects. Both glucomannan and inulin-type fructans are
prone to decrease TAG and cholesterol level, but the decrease in LDL choles-
terol seemsmore relevant for glucomannan. The effect of glucomannan could
be linked to their influence on fecal steroid excretion.72

No clear conclusion can be drawn concerning the influence of the dura-
tion of the treatment , and the efficacy of prebiotics to lower blood lipids.9,27

However, in human studies performedwith inulin-type fructans, lower doses
(from7 to 10g/day) seemmore efficient thanhigherdose (15–20g) todecrease
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blood lipids.96 Concerning the fructans, some studies show that the dietary
supplementation with 15 or 20 g/day fructooligosaccharides for 4 weeks had
no effect on serum cholesterol or triglycerides in type 2 diabetic patients83,85

whereas positive outcomes have tended to be observed more frequently in
those studies conducted in subjects with moderate hyperlipidaemia: in men
with hypercholesterolemia, daily intake of 20 g inulin significantly reduces
serum triglycerides by 40 mg/dL,86 as previously shown in moderate hyper-
lipidemic patients receiving 9 g/day inulin.81 Subjectswith serum cholesterol
above 250 mg/dL tended to have the greatest reduction of cholesterol after
inulin supplementation.
The effect of fructan (long chain inulin) supplementation on hepatic

lipogenesis and cholesterogenesis has been analyzed (deuteratedwater incor-
poration into lipids) in normal subjects in a double-blind, placebo-controlled
crossover study.89 It confirms the experimental data obtained in animals,
namely that hepatic de novo lipogenesis was reduced by feeding fructans
at a moderate dose (10 g inulin per day for 3 weeks). However, there is
no significant modification of cholesterol synthesis. The analysis of mRNA
concentrations of genes coding key enzymes or proteins involved in the reg-
ulation of lipid synthesis (FAS, ACC, SREBP1c) in the adipose tissue revealed
no differences between placebo and inulin groups. This supports the fact
that, at least for inulin-type prebiotics, the hypolipidemic effect is linked to
modulation of liver rather than adipose tissue metabolism.
In a pilot study performed in patients presenting nonalcoholic steato-

hepatitis, 16 g/day OFS for 8 weeks led to a decrease in serum aminotrans-
ferases thus suggesting an hepatoprotective effect of prebiotic treatment a
slight decrease in serum TAG was observed, but it was not significant.71

Other nondigestible fermentable carbohydrates with prebiotic properties
have been studied. The effect of resistant starches on lipid homeostasis in
humans is controversial. Certain classes of resistant starches (called type 1
RS) have been associated in humans with reduced postprandial insulin and
higher HDL-cholesterol level, but these effects are more related to the sus-
tained release carbohydrate, within the small intestine, rather than to an effect
linked to fermentation.97 A lack of effect of lowdoses of β-glucan (3 g/day for
8 weeks) on total and LDL-cholesterol and triglyceridemia in volunteers with
mild-to-moderate hyperlipidemia was also recently reported, a negative res-
ult which is in contrast to other previous positive studies that have employed
higher daily doses of β-glucan.98 The fact that higher doses of β-glucan are
required to allow an effect on lipemia is supported by a recent single-blind
crossover study showing a significant lowering of serum LDL-cholesterol (–
9%) in hyperlipidemic subjects consuming 7 g oat β-glucans incorporated in
various foods for three weeks.99

In humans, data show that a decrease in plasma glucose after a meal
containing β-glucan is not related to a decrease in de novo lipogenesis.100

Lactulose is also able to decrease serum TAG.94 In overweight subjects,
a short-term decrease in free fatty acid level and glycerol turnover after
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lactulose ingestion was related to a decrease of lipolysis in close relationship
with an increase of acetate production.101

Conclusion

Several oligosaccharides which respond to the definition of prebiotics exhibit
interesting effects on lipid metabolism. Changes in intestinal bacterial flora
composition or fermentation activity could be implicated in modulation of
fatty acid and cholesterol metabolism. There is not a single biochemical locus
through which prebiotics modulate serum, hepatic, and whole-body lipid
content in animals. The effects observed depend on pathophysiological and
nutritional conditions. This may help to explain why in humans, where such
conditions cannot be so rigorously controlled (namely in term of nutrient
intake)withina single study, reportedeffects ofprebiotics oncirculatingblood
lipids are much more variable.
Most of the data described until now have been obtained in animal studies;

the relevance of such observations on obesity and cardiovascular disease risk
in humans is a key question also addressed in this chapter. Fundamental
research devoted to understanding the biochemical and physiological events
(on glucose and lipid homeostasis, on gut hormone secretion, on satiety), as
well as clinical research focusing on target population, is required to progress
in a newarea of nutritionalmanagement ofmetabolic syndrome, based on the
modulation of gut flora and intestinal function by specific food components.
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Gut Peptides Involved in Appetite, Body Weight
Regulation, and Glucose Homeostasis

In the majority of adults, the qualitative and quantitative composition of
food intake varies considerably from meal to meal and from day to day,
while adiposity and body weight are remarkably constant despite huge
short-term variations in energy balance. Most individuals match cumulat-
ive energy intake to energy expenditure with great precision whenmeasured
within a period including several meals.1 Such an active process—energy
homeostasis—allows stability in the amount of body energy stored as fat.
The hypothalamus was first identified more than 50 years ago as “cent-

ral” in the energy homeostatic process. Brain lesion and stimulation studies,
published some six decades ago described the hypothalamus as a major cen-
ter controlling food intake and body weight, with the ventromedial nucleus
(VMH) as a “satiety centre,” and the lateral hypothalamic nucleus (LHA)
as a “hunger centre.”2 However, central regulation of satiety requires that
the brain integrates energy content of the body. Hence, the brain is connec-
ted to peripheral body weight sensor systems. Nutrients, hormones, and
neuromediators are regulators of food intake directly triggering the brain.
However, such messages must originate from cells, which are aware of the
energy stores. Since 1995, the most studied related mechanism has been the
leptin system.3 This hormone, produced by the adipose tissue, is considered
as a “lipostat” since it is produced proportionally to the fat mass and has
a remarkable capacity to reduce food intake. Therefore, the adipose tissue
is no longer considered as a fat storage organ but refers to the brain of the
energy stores by themeanof hormones such as leptin. Similar to the reasoning
that fat mass is the most obvious tissue informing the brain about the energy
stores, the gastrointestinal tract (GI) is the most obvious organ to inform
the brain of energy intake by a mechanism called “energystat.” Therefore,
the GI secretes sufficient peptide-hormones able to control food intake and
energy homeostasis. Consequently, an impaired regulation of the lipostat and
energystat will prevent the brain from the messages required for the regula-
tion of energy homeostasis andwill lead tometabolic diseases such as obesity,
diabetes, or cachexia. Wewill review themajor regulators of satiety and gluc-
ose homeostasis (Figure 11.1); afterward, we will focus on the peripheral gut
hormones–brain axis and its relevance to appetite control.

Brain Peptides as Regulators of Food Intake

The brain contains two primary populations of neurons which antagon-
istically regulate energy metabolism localized in the different areas. First,
among the hypothalamic nuclei, the arcuate nucleus is located in the
mediobasal hypothalamus and integrates signals reflecting the nutritional
status, leading to an adequate adaptation of energy homeostasis.4 Studies



8171: “chap11” — 2007/12/3 — 18:10 — page 221 — #3

Endocrinology of the Gastrointestinal Tract and Modulation of Satiety 221

Higher centers

Hypothalamus

Reward centers

NAc

Brainstem

NTS

AP
Vagus

ME

ARC

VMH

DMH

PVN

PFA LHA

FIGURE 11.1
The central control of appetite. AP, area postrema; ARC, arcuate nucleus; DMH, dosrso-
median hypothalamus; ME, median eminence; NAc, nucleus accumbens; PFA, perifornical
area; NTS, nucleus of the tractus solitarius; PVN, paraventricular nucleus; VMH, ventromedian
hypothalamus. (FromWynne, K., et al. J. Endocrinol., 184, 291, 2005. With permission.)

of lesions experimentally induced in the animal5,6 or resulting from clinical
observations7 demonstrate that damage in this region results in hyperphagia
and obesity. Furthermore, neurons in this region express receptors for hor-
mones from the energystat and lipostat, which affect food intake, including
glucoincretins, leptin, insulin, cortisol. Thus, the arcuate nucleus is certainly
a target for circulating nutritional messengers that originate from peripheral
sensors. The messengers can easily target cells located in the arcuate nucleus
as the latter is not fully protected by the blood–brain barrier. In this nuc-
leus, orexigenic andanorexigenic neurones coexist. Oneneural circuit inhibits
food intake. It involves production of a-melatonin-stimulating hormone (a-
MSH)processed fromabiggerpropeptide thepro-opiomelanocortin (POMC),
and cocaine- and amphetamine-regulated transcript (CART).8,9 Still in the arc
nucleus another neural circuit stimulates food intake, via the expression of
neuropeptide Y (NPY) and agouti-related peptide (AgRP) (Figure 11.2).10,11

In addition, other hypothalamic nuclei such as paraventricular nucleus, dor-
somedial hypothalamus (DMH), lateral hypothalamic area (LHA), and the
prefornical area receive NPY/AgRP and POMC/CART neural projections
from the arcuate nucleus12–14 and are hence considered as neurons of second
order.
Second, the nucleus of the solitary tractus (NTS) located in the brainstem

is also a major area, including nuclei, involved in the control of food intake



8171: “chap11” — 2007/12/3 — 18:10 — page 222 — #4

222 Handbook of Prebiotics

Neuron

Food
intake

Melanocortin

Arcuate
nucleus

Orexigenic
(Increase food intake)

AgRP
NPY

Ghrelin
MCH

Endocannabinoids
Orexin
Galanin

α-MSH
CRH
CART

GLP-1 (7-36) amide
Oxyntomodulin

PYY(3-36) amide
Leptin
CCK
PP

Anorexigenic
(Decrease food intake)

Leptin

Colon

Stomach

Anorexigenic

Third
ventricle

NPY/
AgRP

Orexigenic

−

−

−+
+

Fat tissue

Energy
expenditure

FIGURE 11.2
Hypothalamic circuits controlling food intake and multiple peripheral signals regulating
appetite. (Adapted from Schwartz, M.W., et al. Nature, 404, 661, 2000.)

and energy homeostasis. There are extensive reciprocal connections between
the hypothalamus andbrainstem (Figure 11.2).15–17 Beside its interactionwith
hypothalamic circuits, thebrainstemreceivesperipheral signals,mainlyvagal
afferents from the GI tract (Figures 11.1 and 11.3).18 Then, through connec-
tions with neurons located in numerous nuclei of the hypothalamus, food
intake and glucose homeostasis is controlled. However, such architecture is
barely described and poorly understood. The brainstem has been considered
as a viscerosensory relay19 suggesting that the hypothalamuswas not the sole
region responsible for the control of feedingbehavior. This hasbeen suggested
in rodentswhere the forebrainwas disconnected bymeans of themesenceph-
alic knife cut. In such conditions, feeding response to gastrointestinal stimuli
was not affected. This important observation strongly supported the essential
role of peripheral signals originating notably from the GI tract for the control
of food intake. Messages sent by the GI were conveyed to the brainstem by
the afferent portion of the vagus nerve which terminated in the NTS and the
area postrema.20

In summary, the hypothalamus and the brainstem are important centers
for the control of food intake in response to energystat and lipostat which
originate from other body locations. A schematic point of viewwould be that
whereas thehypothalamusmainly receives circulatingmessengers like leptin,
insulin and nutrients glucose/lipids, the brainstem receives the nutritional
and energy signals by means of the autonomic nervous system, the latter
mechanism being itself connected to the energystat like the GI. Therefore,
interferingwith the energydetecting systemof theGIwould influence feeding
behavior. Certainly, numerous functions inaddition to food intakeareaffected
by the energy-regulatory reflex.
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FIGURE 11.3
Peripheral signals involved in the control of appetite. This figure shows the different peptides
involved in the control of appetite and the integration of the signals acting either on afferent
nerves or directly on neurons from the arcuate nucleus. (Adapted from Wynne, K., et al. J.
Endocrinol., 184, 291, 2005.)

NPY System

Among the numerous actions of NPY its potent stimulatory effect on food
intake is probably the most intriguing. In rats, intracerebroventricular (ICV)
administration of NPY stimulates food intake and repeated ICV administra-
tion of NPY readily leads to obesity.22 Notably, the paraventricular nucleus
secretion of NPY increases in association with increased appetite.23 The orex-
igenic effect of NPY is so powerful that even hourly repeated injections of the
peptide still provoke food intake in satiated animals.24–26 NPY is produced
and released in the Arc nucleus. Hence, NPY receptors are located in the arc
nucleus where neurons also expressed other orexigenic peptides such as the
agouti gene-related protein (AGRP).27 This peptide is a 132 amino acid long
protein which acts as an endogenous antagonist at the MC3 andMC4 recept-
ors. Conversely, leptin an anorexic hormone, reduced AGRP and NPY secre-
tion and expression.28–30 Importantly, NPY is also released in the PVNwhere
it regulates the biology of other secondaryneurons. Interestingly, leptin inhib-
its the release of NPY by such neurons, which could at least in part explain
the satiety effect of leptin.4 NPY is one of the most abundant neurotransmit-
ters in the brain.31 Hypothalamic levels of NPY reflect the body’s nutritional
status, an essential feature of long-term regulation of energy homeostasis
(Figure 11.3). Lessons from NPY receptor have shown that the Y1 and Y5
receptors are mainly involved in the regulation of food intake and energy
metabolism.32
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The Melanocortin System

The melanocortin system is unique in that it is constituted of both agonists—
the melanocortins—and an endogenous antagonist AgRP. Melanocortins
(α-MSH) are produced in the arcuate nucleus by the proteolytic cleavage
of the precursor molecule POMC and exert their agonistic effects on the
melanocortin receptors (MC3,MC4). α-MSH inhibits food intake, whereas
AgRP stimulates food intake (Figure 11.2).33

Targets downstream to the arcuate nucleus and others: Using lesion
approach the ventromedial and lateral hypothalamus nuclei have been poin-
ted out as regulators of satiety.34,35 The paraventricular nucleus has also
received a lot of attention as being intensively connected to the arcuate
nucleus.36 Discovery of the melanin-concentrating hormone (MCH) and
orexin has provided putative neurochemical evidences of the orexigenic role
of the lateral hypothalamus.37,38 Furthermore, MCH and orexin are also
expressedwith cocaine- andamphetanimne-regulated transcript (CART).39,40

This expression may appear paradoxical in the light of the anorexic effect
of CART-encoded peptides; however, it just translates the complexity and
integrity of the systems.

Peripheral Signals: Gut to Brain Axis

First, efferent fibers of the brain-gut signaling system run in preganglionic
vagal and pelvic nerves, representing major routes regulating the activity
of the enteric nervous system by the central nervous system. Such mechan-
ism controls gastric secretion, motility, and other digestive and interdigestive
functions.
Second, the afferent fibers of the gut-brain signaling route run through

afferent vagal and sympathetic nerves, transmitting to the CNS signals from
a variety of sensors in the gut that respond to various nutritional stimuli.
Consequently, the gut–brain axis is involved in a regulatory reflex loopwhere
the hormones secreted in response to nutrients control, via the autonomic and
central nervous systems, their own secretion and action. This degree of integ-
rity requires that the afferent fibers to the brain are connected with neurons
from the brainstem and the hypothalamus. Beside the long-term regulation
of food intake, which could be controlled by established concentrations of
leptin or glucocorticoides, a short-term regulation has been described, on
meal-to-meal basis, which is controlled by several gut hormones released
from the endocrine gastrointestinal cells (stomach/gut/pancreas). Those hor-
mones act either on afferent nerves, or directly on the arcuate nucleus neurons
(Figure 11.3).

Ghrelin and Obestatin

Ghrelin is a peptide released primarily by the stomach, but also by the duo-
denum, ileum, cecum, and colon.41,42 Originally identified as an endogenous
ligand for the growth-hormone secretagogue receptor, ghrelin is a 28 amino
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acid peptide with two major molecular forms: acylated ghrelin (n-octanoic
acid on serine 3) and nonacylated ghrelin.43 The acylated conformation of the
peptide has been previously described as essential for its orexigenic action.43

Recently, it has been demonstrated that the nonacylated ghrelin peptide acts
as anorexigenic peptide.44 Circulating ghrelin levels are high during fasting
and rapidly fall after a meal.45,46 These levels are thought to be regulated by
both caloric intake and nutrients.47 Originally defined as a gastric hormone
acting directly on the hypothalamus, recent work indicates that ghrelin can
stimulate appetite via the vagal nerve.41 The mechanism of action of ghrelin
is not completely defined. However, much experimental evidence could
recognize the involvement of NPY and the AGRP. In rats, ghrelin treatment
increases hypothalamic mRNA concentration of NPY and AGRP. Further-
more, ghrelin effects can be antagonized by coadministrationwith antagonist
ofAGRP andY1/Y5 receptors48 or if the arcuate nucleus is destroyed.49 How-
ever, ghrelin knock-out mice exhibit normal body weight and food intake,
raising questions about the importance of ghrelin as a key orexigenic factor
and about the potential value of ghrelin antagonists as antiobesity agents.50

Moreover, obese subjects exhibit a low plasma ghrelin level, which is normal-
ized following weight loss.51,52 Associated with the pro-ghrelin gene, a new
hormone has been isolated from rat stomach and named obestatin, a contrac-
tion of obese, from the Latin “obedere,” meaning to devour, and “statin,”
denoting suppression. Contrasting with the appetite-stimulating effects of
ghrelin, obestatin suppresses food intake and decreases body-weight gain.
Thus, two peptide hormones with opposing actions in weight regulation are
derived from the same ghrelin gene.53

CCK

This hormone is produced by I-cells predominantly found in the duodenum
and jejunum although it is widely distributed along the GI tract.54 CCK exist
in several molecular forms, themajor forms in the plasma are CCK-8, -33, -39.
It is a candidate for the mediation of short-term inhibition of food intake.
CCK is also considered as a signal for satiety behavior of the corresponding
centers in the CNS and this effect can be abolished by vagotomy or vagal
deactivation using neurotoxin dose of capsaicin.55–57 The role of CCK as a
regulator of protein and fat digestion in the upper small intestine has been
recognized for several decades. CCK determines digestion capacity by con-
trolling the delivery of enzymes from the pancreas and of bile salts from the
gallbladder. Moreover, CCK inhibits gastric emptying and food intake.58,59

The administration of CCK has been known for a long time to inhibit food
intake by reducing meal size and duration.60,61 Peripheral CCKmay act both
on the vagal nerve and directly on the central nervous system by crossing the
blood–brain barrier.62,63 The presence of CCK1 receptors at the terminal and
along the afferent vagal nerves supports the involvement of CCK as a mes-
senger transmitting the digestive signal to the brain within the nutritional
regulatory reflex.
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PYY

PYY belongs to the same peptide family as NPY and pancreatic polypeptide.
All three members of the family influence food intake. NPY acts as an
orexigenic peptide (see the section on NPY system), whereas pancreatic
polypeptide released from the pancreas has a satietogenic effect.64 PYY is
predominantly secreted by enteroendocrine cells of the ileum and colon.65,66

The L-cells of the intestine release PYY in proportion to the amount of calories
ingested during a meal. Circulating PYY exists in twomajor forms: PYY 1–36
and PYY 3–36, due to the cleavage by dipeptidyl peptidase IV (DPP-IV). PYY
3–36 is thought to be the circulating active satiety signal, acting via binding
to the NPY central Y2 receptor subtype.67 In obese subjects, basal and post-
prandial plasma concentrations of PYY are reduced.68,69 Administration of
PYY delays gastric emptying, pancreatic and gastric secretions.70,71

GLP-1 and Oxyntomodulin

The proglucagon gene is expressed in the intestine, the pancreas, and the
NTS. The oxyntomodulin (OXM) and glucagon-like peptide-1 (7–36) amide
are derived fromdifferent regions of this glucagonprecursor. OXM is released
from the L-cells in proportion to the nutrient ingestion.72–75 Administration
of OXM inhibits food intake and reduces body weight gain and adiposity.
The next part of this chapter is specifically devoted to GLP-1 (7–36) amide,

which will be abbreviated as GLP-1.

Glucagon-Like Peptide-1

This hormone is secreted within a few minutes in response to glucose and
lipids by the L-cells of the GI tractus. Furthermore, it regulates the electric
discharges of the vagus nerve connected to the brainstem. Eventually, its
action on insulin secretion is mainly dependent on the ambient glucose con-
centration. Hence, all these rapidly summarized arguments prove GLP-1 as
an essential regulator in the gut–brain axis for the control of metabolism and
food intake.

From Proglucagon Gene to GLP-1

The proglucagon gene encodes the sequences of glucagon and several
structurally related glucagon-like peptides, collectively referred to as the
proglucagon-derived peptides (PGDP).76–78 In the pancreatic α-cells of rats
and humans, proglucagon processing gives rise primarily to 29 amino acid
glucagon and the major unprocessed fragment (MPGF) via the action of pro-
hormone convertase 2. In contrast, prohormone convertase 1/3 expression
in gut endocrine cells results in the release of two large peptides that both
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FIGURE 11.4
Structure organization of proglucagon and the proglucagon derived peptides PGDPs. MPGF,
major proglucagon derived fragment. IP, Intervening peptide. The specific peptides released
by posttranslational processing in pancreas vs. intestine are indicated below the proglucagon
molecule. The numbers above and below the proglucagon structure denote the relative amino
acid positions of the PGDP’s within proglucagon. (From Drucker, D.J.,Mol. Endocrinol., 17, 161,
2003. With permission.)

contain the sequence of glucagon, oxyntomodulin, and glicentin, two inter-
vening peptides (IP-1 and IP-2), and two glucagon-like peptides, GLP-1 and
GLP-2 (Figure 11.4).79,80 In the brain (NTS), posttranslational processing of
proglucagon gives rise to PGDP that overlaps with those obtained from the
gut and the pancreas (Figure 11.4).
GLP-1 is cleaved after amino acid residue in position 6, resulting in the

bioactivemoleculeGLP-1 (7–37), which is, at least partly, furtherC-terminally
truncated at the glycine residue in position 37 and amidated on the arginine
residue in position 36, to yield GLP-1 (7–36 amide).82

GLP-1 Producing L-Cells

L-cells are the second most abundant population of endocrine cells in the
human intestine, exceeded only by the population of enterochromaffin cells.
A high abundance of L-cells is present in the distal jejunum and ileum, and
along the colon.83–86 L-cells of the small intestine are thought to arise from
pluripotent stem cells in the crypts that also give rise to enterocytes, goblet
cells, and Paneth cells.87 How stem cells are allocated to differentiate into
endocrine cells is not completely understood. Controversies have persisted
for many years, questioning whether each endocrine cell type differentiates
from its own precursor, or whether all enteroendocrine cells segregate from a
common progenitor cell. It is currently accepted that stem cells located in the
crypts differentiate into the four cell types present in the epithelium. Notch
proteins mediate cell fate decisions and patterning, by regulating expression
of basic-helix-loop-helix (bHLH) transcription factors that control terminal
differentiation.88 The sequential appearance ofMath1, Neurogenin 3 (NGN3),
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Schematic overview of enteroendocrine differentiation in the intestinal tract. Stem cells located
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and BETA2/NeuroD1 may represent distinct stages in the differentiation of
enteroendocrine cells (Figure.11.5). Some cell lineages are primarily found in
the stomach and proximal intestine; others are predominantly found in the
ileum and colon. The nature of positional cues that direct the distribution of
each cell type have not yet been characterized.87

Regulation of GLP-1 Secretion

Before the development of specific GLP-1 RIAs in the late 1980s, L-cell
secretion was usually quantified through nonspecific glucagon-like immun-
oreactivity, simultaneously measuring glicentin, OXM, and GLP-1 products.
Because PGDP are produced in quantitatively identical amounts to GLP-1
after posttranslational processing of proglucagon;79,89,90 studies reporting the
secretion of PGDP also reflect the secretion of GLP-1. Numerous studies have
revealed that the release of GLP-1 is under the control of nutrients, hormones,
andneural signals. The secretion consists of abiphasicprocess, bothhormonal
and neural mediators controlling early GLP-1 release (15–30 min), and direct
nutrient contact with L-cells mediating later GLP-1 secretion (60–120min). In
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the fasting state, basal concentrations are very low and can be further lowered
with somatostatin in humans.91

Nutrients

First, there is no described cephalic phase as shown for insulin suggesting
that nutrients must be present in the digestive tractus. Furthermore, there are
many reasons to believe that it is the actual presence of nutrients in the gut
lumen and possibly their interaction with “microvilli” that are responsible
for GP-1 response. A very rapid GLP-1 response is seen after instillation of
nutrients at a small rate corresponding to intestinal malabsorption.92 GLP-1
is released into the circulation following a meal, a liquid meal being more
effective rather than a solid meal of identical composition.93 Second, there
is an important notion of meal size and density, since the GLP-1 expressing
L-cells are rather located distal to the stomach when compared to the GIP-
expressing K-cell present in the duodenum. Therefore, a meal that will reach
the distal small bowel will stimulate GLP-1 efficiently, which could benefit
the organism with all GLP-1 advantages. Generally, little is known about
the mechanism whereby nutrients stimulate GLP-1 secretion. The blockade
of the sodium/glucose cotransporter, SGLT1 with phloridzin inhibits GLP-1
secretion suggesting that the absorption of glucose is necessary.94 A useful
tool has been the GLUTag cell line derived from a colonic neuroendocrine
tumor generated in a transgenic mouse expressing the SV40 T antigen under
the control of the proglucagon promoter.95 Unfortunately, this cell line does
not exhibit polarity of L-cells. However, some results will be presented. It has
been shown that closure of K+ channels was necessary for GLP-1 secretion.96

Similarly, fructose seemed to be important suggesting thatGLUT5would also
be involved.97 Themajority of GLP-1 released appears as GLP-1 (7–36) amide
and plasma levels reach approximately 50 pM. The oral intake of glucose
stimulates GLP-1 release, while its systemic administration does not, indic-
ating that the glucose sensing machinery is distributed on the luminal side
of the intestine.98 These observations are consistent with the role of GLP-1 as
an important incretin hormone acting on the pancreatic β-cells to stimulate
appropriate insulin release after glucose absorption. The pivotal role ofGLP-1
as incretin has been confirmed in several studies.96,99 Nontransportable sug-
ars, for example, 2-deoxyglucose, or sugars using different mechanisms of
absorption, for example, lactose, do not stimulate the release of GLP-1.94,100

However, here again the cell line or the ex vivo system used are important and
the data must be taken with caution.
In addition to glucose, fat appears to stimulate the release of PGDP.

The secretion of GLP-1 is increased by ingestion of mixed fats in different
species.98,101−103 The presence of fat in the duodenum increases circulating
GLP-1 to the sameextent as that observedafterdirect administrationof fat into
the ileum. These observations suggest the existence of a proximal-distal loop
regulating the L-cells’ response to ingested nutrients.104 This could contribute
toward the significant increase in circulating GLP-1 levels within 5–10 min
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after ingesting a meal, before any contact of nutrients with the L-cells.72,98,105

Results obtained with specific fatty acids indicate that both the chain length
and degree of saturation of the fatty acids affect the ability of fat to stimulate
GLP-1 secretion.106–109

Mixed meals containing proteins increase GLP-1 secretion in
humans.98,101,110 However, amino acids or proteins alone do not consist-
ently increase GLP-1 release in vivo.98,101,102,111,112 Unlike amino acids and
proteins or amino acids mixture, peptones (protein hydrolysates) stimulate
GLP-1 secretion in perfused rat intestine and stimulate proglucagon expres-
sion in vitro.113 Therefore, it is postulated that a mixed meal containing
proteins may contribute to GLP-1 secretion and synthesis, via the production
of peptones that may contact L-cells in the jejunum.

Neurohormonal Mechanisms

In addition to nutrients, neurohormonal mechanisms explain the rapid post-
prandial onset of secretion. Therefore, one has to consider the enteric nervous
systemas a key node in the transmission of the nutritional signal toward brain
centers. Furthermore, it couldbe considered as a target for pathophysiological
aggressions such as inflammation during metabolic and digestive diseases.
Results of studies on nerve circuits underlying the regulation of intestinal
and metabolic functions are emerging, which show that deficiencies in the
nerve circuits or excessive pathological excitation of the ENS could cause a
variety of gastrointestinal diseases.114 Different neurons are classified accord-
ing to their function in the small intestine. Briefly, several neurons are layers
according to their location in themucosaand laminabasal. Theyare connected
with each other and express various activatory/inhibitory neuropeptides and
mediators. Eventually, they are connected to the vagus nerve.115 Importantly,
such a neuronal network is constantly in contact with cells from the innate
immune system, with nutrients, and bacterial products. Hence, these neur-
ons should integrate all the information provided by such surrounding cells
before generating a consensualmessage to the vagusnerve. Consequently, the
enteric nervous system could be the primary site regulated or altered during
pathological situations.
In rats, GIP (glucose dependent insulinotropic polypeptide) stimulates

intestinal GLP-1 secretion when infused in vivo but also in perfused rat
ileum.98,104,111,116,117 This stimulation occurs via a neural pathway involving
the vagal nerve.118 GIP is mainly produced by K-cells located in the duo-
denum. The addition of muscarinic agonists to isolated perfused rat ileum
and colon results in stimulation of GLP-1 secretion.117 Studies using human
model of L-cells cell line (NCI-H716) demonstrate that cholinergic agonists
stimulate GLP-1 release and suggest that M1 and M2 muscarinic receptors
are involved in this process.119,120 All these studies suggest that acetycholine
could be a neurotransmitter in a neural stimulatory pathway for GLP-1
secretion.
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GLP-1 Metabolism

The dipeptidyl peptidase IV (DPP-IV), also known as CD26, is a trans-
membrane and circulating protease responsible for cleaving polypeptides
containing a proline or alanine residue in the penultimate N-terminal pos-
ition, altering their biological functions. DPP-IV is constitutively expressed
on epithelial cells of the kidney, intestine, liver (bile duct), and pancreas, on
endothelial cells in the vasculature (Figure 11.6), on fibroblasts in skin, syn-
ovia, and mammary gland, on cells contacting the cerebrospinal fluid, and
on subsets of immune cell leukocytes (e.g., T cells, B cells, natural killer cells,
and macrophages).121 Its activity in the blood is responsible for the cleavage
of several peptides.
DPP-IV knockout mice are fertile and generally healthy, with normal fast-

ing plasma glucose levels. In the initial report about this mouse strain,
plasma concentrations of insulin and intact (bioactive) GLP-1 were found
to be elevated compared with wild-type mice 15 min after an oral glucose
challenge, whereas plasma glucose concentrations were reduced. Over-
all, glucose excursions were suppressed in DPP-IV knockout mice after an
oral glucose challenge, lending credence to DPP-IV as a target for drug
development to treat associated hyperglycemia and diabetes. In addition,
DPP-IV knockout mice are resistant to diet-induced obesity compared with
wild-type mice.122 Thus, GLP-1 (7–36) amide entering the portal venous cir-
culation is rapidly inactivated by the DPP-IV-dependent cleavage into GLP-1
(9–36) amide, accounting for the short half-life (1–2 min) of this peptide
(Figure 11.6).123

Few studies have examined the involvement of other enzymes in GLP-1
degradation in vivo. Neutral endopeptidase 24.11 (NEP-24.11) is found
in high concentrations in the kidney, where it may be involved in the
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FIGURE 11.6
Localization of GLP-1 positive L-cells and DPP-IV in the intestinal mucosa. (Adapted from
Drucker, website 2005.)
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renal clearance of peptidic hormones. NEP can degrade members of
the glucagon/secretin/glucose-dependent insulinotropic polypeptide (GIP)
family of peptides—including GLP-1—in vitro but the significance of this
observation in terms of GLP-1 degradation in vivo remains unknown.124 A
recent study confirmed a role forNEP-24.11 inGLP-1metabolism in vivo, sug-
gesting that up to 50% of GLP-1 entering the circulation might be degraded
by NEP-24.11. Furthermore, combined inhibition of DPP-IV and NEP-24.11
is superior to DPP-IV inhibition alone in preserving intact GLP-1, raising the
possibility that the combination of compounds inhibiting both enzymes has
a therapeutic potential.125,126

Physiological Effects of GLP-1

The physiological actions of GLP-1 reflect the involvement of organs inwhich
GLP-1 receptors are expressed. However, there are reports of actions ofGLP-1
on organs such as liver, adipose tissue, and skeletalmuscle, inwhich attempts
to definitely identify GLP-1 receptors have not succeeded. Figure 11.7 sum-
marizes thepleiotropic effects ofGLP-1.Wewill brieflydescribe thepancreatic
and extra pancreatic effects.

Endocrine pancreas

Exocrine pancreas

   � Glycogen synthesis

Gastric emptying
Acid secretion

Small bowel motility
Sphincter contractility

Glycogen synthesis
Lipogenesis

Glycogen synthesis
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FIGURE 11.7
Actions of GLP-1 in various organs and tissues in vivo. (Adapted from Meier, J.J., et al. 2002.)
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Pancreatic Effects

The earliest discovered biological actions of GLP-1 refer to studies of the
effects on the pancreatic β-cells, where GLP-1 (7–37) and GLP-1 (7–36) amide
were shown to be highly equipotent secretagogues for glucose-dependent
insulin secretion.127–129 In fact, GLP-1 is the most potent known peptider-
gic stimulus for insulin release, exceeding that of GIP by several fold.130

Several studies using exendin 9–39 (Ex-9), as the antagonist ofGLP-1 receptor,
have confirmed that the insulinotropic nature of GLP-1 significantly contrib-
utes to the enteroinsular axis.131–135 Importantly, the insulinotropic action of
GLP-1 is attenuated when glucose levels fall, leading to a putative interest
to avoid hypoglycemia. This “glucose competence concept” was used to
describe the crosstalk between glucose metabolism and GLP-1 actions on
β-cells (i.e., glucose is required for GLP-1 action, and GLP-1 is required
to render β-cells competent to glucose).136 GLP-1 is of potential interest as
compared to the classical hypoglycemic drugs (i.e., sulfonylurea class) since
it effectively stimulates insulin after secretion with few risks of hypogly-
cemia. In the β-cells, GLP-1 stimulates transcription of the pro-insulin gene
and promotes insulin bio-synthesis. Furthermore, recent evidence indicates
that GLP-1 stimulates the proliferation and neogenesis of β-cells and inhibits
their apoptosis.137–140 Surprisingly, GLP-1 action is also essential for the con-
trol of fasting glycemia and glucose clearance following nonenteral glucose
challenge.96 These latter observations are likely attributable to the relevance
of GLP-1 actions towards basal β-cell function, and for the inhibition of gluca-
gon secretion. Whether the inhibitory effect of GLP-1 on glucagon secretion is
direct or indirect (perhapsmediatedvia insulin and/or somatostatin) remains
unclear.

Extrapancreatic Effects

Although data suggest that the majority of GLP-1 actions on glucose clear-
ance are mediated by changes in the insulin/glucagon ratio,141 several
studies suggest that GLP-1 may enhance glucose clearance through an
insulin-independent manner, via extrapancreatic actions.
It is well recognized that the distal portion of the intestine can regu-

late gastric function, by the so-called “ileal-brake.” GLP-1 inhibits gastric
emptying, gastric acid secretion, and intestinal motility, thus reducing the
rate of nutrient transit into the small bowel and glycemic excursion after
meal ingestion.142 The putative importance and the physiological signific-
ance of GLP-1 actions in the muscle and adipose tissue remain unclear.
Administration of GLP-1 results in an increase in heart rate and blood
pressure in rats. These effects do not appear to be mediated through
catecholamines.143 One study suggested that the central GLP-1 system
constitutes a regulator of sympathetic outflow, leading to downstream activ-
ation of cardiovascular responses in vivo.144 Clinically significant effects of
GLP-1 on heart rate and blood pressure in human studies have not been
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reported yet. Moreover, GLP-1 can prevent myocardial infarction in the
isolated and intact rat heart after ischemia/reperfusion injury by activating
multiple prosurvival kinases (PI3K and p44/42 mitogen-activated protein
kinase).145,146

The detection of high GLP-1 concentrations and widespread distribution
of binding sites in the central nervous system—with a dense accumulation
in areas controlling food intake—support a central role played by GLP-1 in
the regulation of appetite and satiety. The first study reported a significant
reduction of food intake after ICV injection of anti-GLP-1 antibody in rats.147

The confirmation of a functional effect of GLP-1 as a potential satiety factor
has been described after ICV administration of GLP-1 in rats, whereas the
GLP-1 receptor antagonist, Ex-9, completely abolished this effect.148 It was
debated whether the reduced food intake, reflected a central satiating effect.
Indeed, inGLP-1 receptor−/−mice, neither feeding behavior nor bodymass
was altered compared to those of wild type mice.149 In contrast to these data,
a study reported a significant reduction of food intake and body weight in
rats after 6 days of repeated ICV GLP-1 treatment. Daily administration of
Ex-9, in contrast, resulted in increased food intake and body weight.150

In humans, systemic administered GLP-1 has a satiating effect.151–153 In
addition, when given over a prolonged period (6 weeks) by continuous sub-
cutaneous infusion, patients with type 2 diabetes reported a reduction in
appetite, which led to significant reductions in body weight (−1.9 kg) at the
end of the study.154

Hepatoportal Vein and GLP-1

It has been shown that, while virtually all the GLP-1 stored in the granules
of L-cells is intact,123 probably more than 75% of the GLP-1 that leaves the
gut is degraded into inactive metabolites (Figure 11.8). Further degradation
(40–50% of the remaining GLP-1) takes place in the liver.155 In consequence,
only 10–15% of the total GLP-1 secreted reaches the systemic circulation in
its active form (Figure 11.8). Once released, before it enters the capillaries
and comes into contact with DPP-IV, GLP-1 may interact with afferent sens-
ory nerve fibers from the nodose ganglion (Figure 11.8). The observation that
GLP-1 receptor is expressed in nodose ganglion cells support this view.156

Evidence has established the presence of GLP-1 sensor or receptor in the
hepatoportal regions.157–160 For example, Nakabayashi et al. (1996) repor-
ted that intraportal GLP-1 infusion, at physiological dose, stimulates afferent
vagal nerve activity in the rat.157 This activation, in turn, stimulates efferent
signaling in thepancreatic branchof thevagal nerve, suggesting aneural com-
ponent ofGLP-1 stimulation of insulin secretion. Burcelin et al. (2001) showed
in mice that GLP-1 receptor is part of the hepatoportal glucose sensing and
that basal fasting glucose levels sufficiently activate the receptor to confer
maximum glucose competence to the sensor.159 Co-infusion of GLP-1 with
glucose into the portal vein did not increase the glucose clearance rate and
hypoglycemia. In contrast, co-infusion of glucose and Ex-9 (GLP-1 receptor
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FIGURE 11.8
Schematic diagram of the endocrine and neural pathway for the actions of GLP-1. GLP-1 diffuses
across the basal lamina into the lamina propria and is taken up by a capillary and broken down
byDPP-IV. GLP-1may bind to and activate sensory afferent neurons (f) originating in the nodose
ganglion (c), whichmay, in turn, activate neurons of the solitary tract nucleus (a). The sameneural
pathwaymay be activated by sensory neurons in the hepatoportal region (e) or in the liver tissue
(d)Ascending fibres from theNTSmay generate reflexes in the hypothalamus, and activate vagal
motor neurons (b) that send stimulatory (h) or inhibitory (g) impulses to the pancreas and the
GI tract. (Adapted from Holst and Deacon, 2005.)

antagonist) into the portal vein reduced glucose clearance. When glucose
and Ex-9 were infused through the portal and femoral veins, respectively,
glucose clearance increased and glycemia decreased, indicating that Ex-9
has an effect only when infused into the portal vein, reflecting the abolished
portal glucose signal. Recently, Dardevet et al. (2005) have clearly shown that
physiological intraportal levels of GLP-1 increase hepatic glucose utilization
and hepatic glycogen synthesis.161 This effect was independent of insulin and
glucagon and apparently did not directly involve GLP-1 receptors located in
the portal vein. This strongly suggests the presence ofGLP-1 receptors in liver
tissue.161,162
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Since GLP-1 is secreted in the portal vein and is rapidly degraded in the
plasma, the hepatoportal regionmay thus play a critical role in the generation
of full effects of GLP-1.
A recent report showed that the activation of the enteric glucose detect-

ing system by an intragastric glucose infusion increased insulin secretion by
means of brain GLP-1 signaling.163 The authors postulated that GLP-1 was
released into the brain in response to glucose absorption. This hypothesiswas
demonstrated when Ex-9 was coinfused with glucose into the gut reducing
the concentration of insulin in the circulating blood. This is the demonstration
of a new function of GLP-1 for the control of glucose homeostasis within the
gut–brain axis.164

GLP-1 Analogs and Inhibitors of DPP-IV in the
Treatment of Type 2 Diabetes

DPP-IV cleaves GLP-1 after its alanin amino acid residue thus inactivat-
ing the peptide (see the section on GLP-1 metabolism). Therefore, GLP-1
analogs bearing a substitution of this residue are resistant to the DPP-IV
action. However, this only prolongs the half-life of the molecule from 2 to
4–5 min, but not more because of renal extraction and degradation.166,167

Nowadays, different long-lasting analogs of GLP-1, which are synthetic
peptides, have been engineered and tested in humans (phase II or III clin-
ical studies). These peptides include NN2211 (Liraglutide), LY315902 and
CJC-1131, AC2993 (Exenatide), which lower blood glucose concentrations
in healthy individuals as well as in type 2 diabetic patients. These effects
are associated with an increase in plasma insulin and decrease in glucagon
but only when levels of glucose are elevated.168,169 Exenatide, the biosyn-
thetic form of the naturally occurring GLP-1 analog exendin-4, received FDA
approval in April 2005 for use in combinationwithmetformin, sulfonylureas,
or both together. Although the future of GLP-1 analogs appears bright, sev-
eral hurdles remain to be overcome. The route of administration remains the
subcutaneous or intravenous injection. Appropriate routes of administration
that do not require the use of injectable formulations are highly desirable. The
therapeutic use of DPP-IV inhibitors as antidiabetic agentswas first proposed
in 1995.170 DPP-IV inhibitors are now in phase II or III clinical trials: these
molecules are NVDP-DPP728, LAF237, MK-0341, P93/01.169,171 Although
clinical results are supportive of continued development of GLP-1 analogs
and DPP-IV inhibitors, only a longer duration of administration in larger
populations will definitively answer questions about the clinical safety and
duration of effects of these two classes of antidiabetic agents. In particu-
lar, the possible cross-reactivity of first generation DPP-IV inhibitors with
other enzymes and the wide range of bioactive peptides cleaved by DPP-IV
warrants further investigation to excludeunexpected side effects during long-
term use. On the basis of in vitro kinetic studies, several regulatory peptides,
neuropeptides, chemokines and cytokines have been identified as potential
substrates.121
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GLP-1 analogs and DPP-IV inhibitors seem to be effective in mono-
therapy and in combination with other antidiabetic agents. DPP-IV inhib-
itors are administered orally, whereas GLP-1 analogs require parenteral
administration. The GLP-1 analogs cause significant reduction in body
weight, whereas DPP-IV inhibitors do not. So far, no studies have been
devoted to promote endogenous GLP-1 production in order to lower plasma
glucose levels, to increase insulin secretion, or tomodulate food intake and/or
body weight.

Other Gastrointestinal Peptides

In conclusion, similar toGLP-1, GIP is an important incretin hormone. Similar
to GLP-1, GIP stimulates glucose-induced insulin secretion and is rapidly
degraded by DPPIV. This hormone is released by K-cell from the intestinal
epithelium in response to glucose. However, fat appears to be amost efficient
inducer of secretion. Hence, mice fed a high fat diet have increased circulating
GIP concentrations. An important difference fromGLP-1 is that food intake is
not influenced by centrally administered GIP172 and knockout mice are pro-
tected against high fat diet induced obesity while food intakewas unchanged
in this animal model.173 Whereas not much is known about the extrapancre-
atic actions of GIP, its action on adipocytes seems the most interesting, such
as enhancement of insulin stimulated glucose transport, and modulation of
free fatty acid metabolism. Therefore, it would be a way through which the
GI could control fat mass.
Together, these data suggest that gut peptides and more specifically GLP-

1, could lead to a cascade of events devoted to control food intake, body
weight, and glucose metabolism. Today , GLP-1 constitutes the first clear-cut
gut peptide derived therapy devoted to treating type 2 diabetes and probably
helping to manage metabolic syndrome-associated disorders.
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Introduction

Current recommendations for the management of obesity and diabetes
include an increase in dietary fibers that may contribute to lower fasting
and postprandial plasma glucose concentrations, and improve glycemic
control.1,2 Dietary fibers, which might help control food intake, would be
interesting in the context of the nutritional management of obesity.

However, there is no clear answer to the question of the relevance of one
type of dietary fiber versus another in the management of food intake or
metabolism (soluble versus insoluble, with or without gelling properties,
sourced from cereals, fruit, or vegetables). Knowledge of the biochemical
mechanisms allowing dietary fiber to modulate satiety, and/or glucose or
lipid metabolism, is essential to propose key nutritional advice for specific
disorders associated with the metabolic syndrome.

247
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Past and recent epidemiological and prospective studies corroborate the
putative role of dietary fiber in the management of the metabolic syndrome.
Specific types of dietary fiber might be of interest, as shown by Maeda,
who demonstrated that the addition of agar into the diet resulted in marked
weight loss due to a reduction of food intake. This dietary fiber also improved
cholesterol level, glucose and insulin response, and blood pressure.3

A better knowledge of the biochemical mechanisms allowing dietary fiber
tomodulate satiety, glucose or lipidmetabolism, andhypertension is essential
to propose key nutritional advice for specific disorders associated with the
metabolic syndrome.4

In this context, modulationof gastrointestinal peptides by fermentable diet-
ary fibers would be an interesting area of research allowing an understanding
of how events occurring in the gut contribute towards the control of food
intake, obesity and associated disorders.

Involvement of Gastrointestinal Peptides in the Regulation of
Food Intake by Fermentable Dietary Fibers: From Theory to
Experimental Data

As previously described, endocrine L-cells are distributed all along the
intestinal tract, and are also and mostly present in the ceco-colon, where
fermentation of inulin-type fructans occurs.5 Endocrine cells present in the
intestinal mucosa secrete peptides involved in the regulation of food intake,
and/or pancreatic functions—the latter being called incretins (GLP-1 and
GIP). Among peptides, GLP-1, PYY, and oxyntomodulin have recently been
proposed as important modulators of appetite, through their peripheral effect
(vagal nerve) and/or by acting directly on the arcuate nucleus.6,7 GLP-1 is
also involved in the regulation of pancreatic secretion of insulin, and in dif-
ferentiation and maturation of β-cells.8 Other gastrointestinal peptides are
implicated in regulation of body weight and food intake such as the gastric
orexigenic derived hormone, ghrelin.9

The first report supporting a putative link between fermentable nondigest-
ible carbohydrate and modulation of gut peptide secretion was proposed
in 1987 by Goodlad et al.,10,11 demonstrating that inert bulk fiber could
not stimulate colonic epithelial cell proliferation, but that fermentable fibers
were capable of stimulating proliferation in the colon, linking these effects
to increased enteroglucagon plasma levels. Throughout the next 20 years,
several reports describing the mechanism of action and specificity of effects
due to different dietary fibers have appeared in the literature. We propose
to review the role of those food components on gastrointestinal homeostasis
and their putative implication in the systemic metabolism.

In the 1990s, Gee et al.12 confirmed that another nondigestible car-
bohydrate, namely lactitol, increased enteroglucagon production by the
gastrointestinal tract. This study revealed that microbial fermentation
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occurring in thedistal part of the gutwas associatedwith sustained enteroglu-
cagon (peptide containing oxyntomodulin, glicentin, and glucagon moeities)
release even 8 h after the last meal. Importantly this peptide does not contain
GLP-1, but is encoded by the same proglucagon gene. The same year, Reimer
et al.13 were the first to demonstrate that fermentation occurring in the lower
part of the gut increased GLP-1 synthesis, secretion, and insulin metabolism.
The study demonstrated that rats fed a high fiber diet (300 g/kg of diet) had a
higher plasma GLP-1, insulin and c-peptide 30 min after an oral glucose load.
Higher GLP-1 production was associated with an increase of proglucagon
mRNA in the intestine.

These promising effects were demonstrated with specific fermentable diet-
ary compound not commonly present in the diverse human diet. In this
context, among fermentable dietary fibers modulating the gut flora, fructoo-
ligosaccharides have been recently recognized, because of their interesting
physiological effects, which are similar to those of well-known “soluble”
fibers.14 An AOAC method has been developed for some (namely fructoo-
ligosaccharides, FOS) in order to allow quantification in food products.
Thus, this will facilitate studies trying to relate human health status and
oligosaccharide feeding. The availability of nondigestible oligosaccharides
in food products continues to expand, and they may be now considered
as carbohydrates with interesting functional properties, sometimes similar
to those described for some dietary fibers (e.g., effect on lipids, on intest-
inal function),15 and sometimes more specific, such as the prebiotic effect.
Together with resistant starch, they would be now considered as “colonic
nutrients” helping to better understand the key role played by nutrients in
the lower part of the intestine, with consequences on whole body function.

Kok et al.16 previously observed that oligofructose (OFS) feeding leads to
an increase in total cecalGLP-1 and jejunumGIP concentrations in rats. There-
fore, we and others have postulated that modulation of gut peptides could be
a key process mediating the effect of OFS—and other fermentable fibers—on
food intake, and glucose/lipid metabolism. The mechanism and relevance of
endogenous modulation of gut peptide production by fructans has not been
documented, but experimental have data suggested that these peptides could
constitute a link between the outcome of fermentation in the lower part of the
gut and the systemic consequences of intake of such prebiotics.

What Did We Know at the Beginning?

Chapter 10 demonstrates that the fermentable carbohydrates FOS obtained
from chicory root inulin may be promising nutrients in the control of the
metabolic syndrome associated with obesity. Most effects of FOS on lipid
metabolism correlated with a decrease in body weight gain and food-derived
energy intake, due to a lower calorie value of the FOS-containing diet.
Normally, rats compensate for the lower caloric value of the nondigestible
oligosaccharides-containing diet by increasing the daily amount of ingested
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food: Daubioul et al.17 observed that the addition of 10% cellulose (a non-
fermentable dietary fiber) in the diet did not protect rats against steatosis,
because cellulose-treated rats ate about 10% more diet per day during the
treatment. But FOS differs from cellulose since FOS-fed rats did not modify
their daily amount of ingested food. Is this phenomenon independent of a
satietogenic effect of FOS?

This has led to postulations that the addition of FOS was able to reduce food
intake—and subsequently body weight gain and fat mass development—in
animals. However, a fundamental general question remained to be answered.

FOS and Their Putative Metabolic Effects to Control Food Intake, Obesity,
and Associated Disorders

Various studieshavebeendevoted toanswering thisgeneralquestion through
several approaches. The first approach focused on the relevance of FOS effects
following their major site and extent of intestinal fermentation. FOS differing
from one another through their chain length were assessed for modulation
of gastrointestinal peptides involved in appetite and body weight regula-
tion. The second describes the effects of FOS on gastrointestinal peptides in
rats fed a normal chow diet and in several pathological models (a model of
hyperphagia induced by a high-fat diet and a model of diabetes induced by
streptozotocin injection).

Finally, the putative mechanism by which FOS exerts its effects on glucose
metabolism was shown to be mostly dependent on one specific gut peptide,
namely GLP-1.

In this context, ourworkwasdevoted to analyze theputativemodulationof
gastrointestinal peptides by specific fermentabledietaryfibers (FOS) allowing
one to understand how events occurring in the gut could participate in the
control of food intake, obesity and associated disorders.

Dietary FOS Modulate Gastrointestinal Peptides

We confirm in our experimental work that FOS, when added to the diet,
significantly reduces energy intake in rats. The short-chain FOS (OFS/Syn)
significantly increase the concentration of GLP-1 in the proximal colon and, to
a lesser extent, in the medial colon (OFS only) (Figure 12.1).18,19 Surprisingly,
there was no modification of PYY protein or mRNA in the different intest-
inal segments, suggesting that the effect of OFS could be linked to a specific
effect on proglucagon gene expression in L-cells, as previously suggested.20

Moreover, the co-localization of PYY and GLP-1 has been reported for only
15% of the colonic L-cells.21,22

An increase in proglucagon mRNA concentration has already been shown
in dogs that received fermentable dietary fiber (100 g/kg diet) for 14 days.23

This was accompanied by higher GLP-1 incremental area under the curve
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FIGURE 12.1
Intestinal GLP-1 (7–36) amide (a) and PYY (b) concentrations of rats fed a control diet (CT)
or a diet supplemented with oligofructose (OFS), oligofructose-enriched inulin (Syn), or high
molecular weight inulin (Inu). Values are means± SEM, n = 6 per group. Statistical analysis has
been performed through one way ANOVA followed by Tukey’s test separately for each organ.
For each organ, mean values with different superscript letters are significantly different, p < .05.
(Adapted from Cani, P.D., Dewever, C. and Delzenne, N.M., Br. J. Nutr., 92, 521, 2004; Delzenne,
N.M., et al., Br. J. Nutr., 93, S157, 2005. With permission.)

after a glucose load. In mice, a high fiber diet (300 g/kg diet) increased serum
GLP-1, a phenomenon linked to increased proglucagon mRNA content not
only in the colon, but also in the ileum and jejunum.24 Reimer et al.25 have
also shown that the addition of 50 g/kg rhubarb fiber in the diet of rats for
14 days increases proglucagon mRNA in the ileum but not in the colon. The
authors attributed the lack of changes in the colon to the diurnal variation
in colonic production of SCFA.25 None of these studies reported an effect on
food intake, body weight gain, or insulin sensitivity.

Modulation of GLP-1 Synthesis in the Colon

Our first hypothesis to explain the modulation of GLP-1 and proglucagon
mRNA is based on the literature of SCFA effects. In fact, SCFAs, and mainly
butyrate, have been proposed as the best candidates to explain an effect of
fermentable carbohydrates on intestinal proglucagon expression.26 When 9%
fructan was present in the diet of rats, intestinal butyrate concentration was
doubled but there was also an increase in both acetate and propionate.27

Moreover, the profile of SCFAs that is, the relative proportion of acetate,
propionate, butyrate—in cecal contents differs following the degree of poly-
merization of fructans ingested by rats.28 SCFA profile was not similar in the
cecal and colonic content of rats treated with OFS. The butyrate proportion
was higher both in cecum and proximal colon of OFS-fed animals than in
control animals, while a higher butyrate level was found in the proximal
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colon than in the cecum.27 Figure 12.2 shows the putative implication of
butyrate as a key SCFA to promote PYY and GLP-1 expression in a model
of scrapped intestinal epithelial cultured cells.29 Could these modifications of
SCFAs be involved in the differential modulation of proglucagon mRNA content
by dietary fructans? The question remains unanswered. Appropriate in vitro
models could be useful to answer this question.30,31

Our second hypothesis is based on the putative modulation of L-cell num-
ber. A high abundance of L-cells is present along the colon.33−36 Intestinal
L-cells are thought to arise from pluripotent stem cells in the crypts, that also
give rise to enterocytes, goblet cells, and Paneth cells.37 Indeed, the plasticity
and rapid turnover of gut cells (72–120 h) reveal a huge adaptation of this
organ.

We have demonstrated that modulation of intestinal GLP-1, by OFS,
observed in the proximal colon might be related to a significant increase in
GLP-1 positive L-cells number, since GLP-1 content and proglucagon mRNA
on the one hand, and L-cells number on the other, are positively correlated.

Mechanisms dependent on a cascade of basic helix loop helix (bHLH) tran-
scription factors may be involved. Neurogenin 3 (Ngn 3) initiates endocrine
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differentiation and activates, in stem cells, the expression of BETA 2/NeuroD,
which coordinates terminal differentiation.38 The exact mechanisms and the
way by which cells differentiate specifically to enteroendocrine cells in L-
cells is unknown.37 A specific analysis of the putative OFS modulation of the
different transcription factors involved in L-cells differentiation has been per-
formed in the proximal colon of rats fed a diet enriched with OFS for 4 weeks
(Figure 12.3).

We demonstrated for the first time that the increase of L-cells number
was positively correlated with the two key differentiation factors NeuroD
and NGN3. This suggests that fermentation occurring in the proximal
colon could promote the specific differentiation of stem cells into GLP-1
producing L-cells. Since modulation of L-cell numbers has never been repor-
ted and could constitute a therapeutic approach, OFS could be a model
to promote endogenous production of GLP-1, by a mechanism different
from “simply” the activation of proglucagon gene expression in preexisting
L-cells.
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Changes of PYY and Ghrelin Plasma Levels and Decrease in
Food Intake by OFS

GLP-1 and ghrelin concentrations are inversely correlated after glucose
ingestion.39 Moreover, GLP-1 contributes to inhibition of ghrelin secretion
in an isolated rat stomach model. We have observed that plasma ghrelin con-
centrations remained lower in short chain fructans-fed rats than in control
rats receiving a normal chow diet.18 Moreover, in another set of experiments
performed in a model of hyperphagia linked to high-fat diet feeding, we have
shown that serum ghrelin concentrations, even if they remained always lower
in OFS-fed than in control rats at the end of a pretreatment period, were equi-
valent in both groups during high-fat treatment, despite a lower food intake
in rats receiving OFS in the high-fat diet.40

In conclusion, because of the protective effect of OFS against high-fat diet
induced body weight gain, hyperphagia, and fat mass development, despite
the lack of effect of OFS on PYY and ghrelin levels, we postulate that the
beneficial effects of OFS could be linked to the modulation of GLP-1 synthesis
and secretion.

We have reported that OFS improved glycemia and plasma insulin, both in
the postprandial state and after an oral glucose load, in STZ-diabetic rats.41

Moreover, treatment with OFS allows an improvement of pancreatic insulin
and beta cell mass. Endogenous GLP-1 production was increased in STZ-
OFS rats compared to other groups. This GLP-1 overproduction might be
part of the protective effect of dietary fructans. Such a mechanism has been
proposed to explain the effectiveness of guar gum in improving hypergly-
cemia in hyperphagic diabetic rats.42 We cannot exclude that the satietogenic
effect of OFS could be involved in the improvement of glucose and pan-
creatic function. By investigating the putative effect of sole food restriction,
two conclusions can be drawn: (1) higher GLP-1 synthesis in STZ-CT rats is
clearly linked tohyperphagia, since it is avoidedbyadrastic caloric restriction
(Figure 12.4); (2), the beneficial effect of OFS is not due to food restriction only,
since the improvement of glucose tolerance and pancreatic beta cell mass was
observed in STZ-OFS group and not in STZ-Res group (Figure 12.5).

We have used a model of transient disruption of GLP-1R action by infusing
Ex-9 in wild type mice or genetic elimination of GLP-1R action in GLP-1R–/–
mice. We have shown that 4 weeks of OFS treatment during high-fat feed-
ing reduced the development of hyperglycemia, glucose intolerance, and
body weight gain in mice, whereas Ex-9 abolished all the OFS effects. Other
studies indicate that Ex-9 injection increases food intake and weight gain in
healthy animals,43 consistent with a role for endogenous GLP-1 in the con-
trol of body weight. The importance of intact GLP-1R signaling mechanisms
for antidiabetic actions of OFS was further illustrated in experiments wherein
OFS treatment ofGLP-1R–/–micewas not able to reduce the high-fat induced
body weight gain and food intake (Figure 12.6).44

The issue of peripheral versus intraportal GLP-1 delivery is likely import-
ant since previous studies have demonstrated that GLP-1R–/– mice or wild
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type mice infused with Ex-9 into the portal vein have impaired hepatoportal
glucose sensor function and reduced insulin secretory capacity.45 In addi-
tion to the therapeutic effect of GLP-1 through its direct pancreatic effect on
insulin or glucagon secretion, the antihyperglycemic effect of OFS could also
be attributed to extrapancreatic indirect actions of GLP-1 on hepatoportal
neural mechanisms. Other authors have recently discussed the GLP-1 levels
needed to obtain metabolic effects.46 The extensive degradation of GLP-1 that
occurs before it enters the systemic circulation has led to the suggestion that
GLP-1 exerts numerous actions either locally in the gut or in the hepatic portal
bed. Once released, but before it comes into contact with endothelial DPP-
IV, GLP-1 may interact with afferent sensory nerve fibers arising from the
nodose ganglion, which send afferent impulses to the nucleus of the solitary
tract and onward to the hypothalamus, which may be efferent transmitted
to the pancreas.47,48 Thus, under physiological conditions, the neural path-
way may be more important than the endocrine route for GLP-1-stimulated
insulin secretion.

Moreover, OFS improves hepatic insulin sensitivity and reduces hepatic
glucose production (Figure 12.7), a phenomenon associated with an increased
phosphorylation of IRS-2 and Akt in the liver, by a GLP-1-dependent
mechanism.

Nevertheless, we have observed that OFS increases plasma insulin, but, we
cannot rule out that the effects of OFS could also be due to a permanent intest-
inally released GLP-1, promoting perhaps in part higher insulin sensitivity
associated with reduced weight gain. These studies highlight the fact that
extrapancreatic mechanisms could contribute towards the effect of GLP-1 on
the control of glucose homeostasis.

Finally, we are now able to propose a potential mechanism of action of diet-
ary fermentable fiber, such as OFS (Figure 12.8). Indeed, OFS feeding modu-
lates several gastrointestinal peptides (GLP-1, PYY, Ghrelin), depending on
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Summary of oligofructose effects on the gastrointestinal tract.

the experimental diet and on animal models. However, specific effects of OFS
are always related to the increase in GLP-1 production. GLP-1 thus appears
to be a key hormone involved in the OFS effects, a hypothesis strengthened
by the results obtained in models of GLP-1 receptor disruption. For now, we
may not extrapolate the OFS effect to all the fermentable dietary fibers, since
high molecular weight inulin, for example, does not significantly increase
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GLP-1production. Nevertheless, recent results showedsimilar effects to those
observed in our studies: Gee et al.49 demonstrated that lactitol (a fermentable
carbohydrate) added in thediet of rats, lowered food intake, bodyweight gain
and increases plasma GLP-1 and PYY. The authors did not study the putative
modulation of intestinal peptide content. This last study suggests that other
dietary fermentable fibers are putative candidates to promote endogenous
gut peptide production.

Other Questions

First of all, it is important to note that previous research has already suggested
that dietary fibers are key food components capable of counteracting the cur-
rently increasing prevalence of obesity and overweight.4 Today, there is little
information on the putative effects of fermentable fibers on food intake and
energy regulation in humans. Until now, one study demonstrated that OFS
increase GLP-1 production in humans. The authors found that OFS feeding
(20 g/day) increases plasma GLP-1 in one interventional study performed in
patients presenting gastric reflux. This study, however, was not carried out in
relation to food intake and satiety.50 The authors suggested that the “kinetics”
of fermentation—assessed by a hydrogen breath test—was important to take
into account when assessing the influence of fermented nutrients on circulat-
ing gut peptides. The increase in expired hydrogen (marker of fermentation),
correlates with the modulation of plasma GLP-1 level, which could explain
the link between intestinal fermentation and gut peptide secretion.

Our studies demonstrated that OFS promotes satiety in several animal
models, but more studies are needed to know if OFS reduces food intake and
promotes satiety inhumans. Wehave recentlypublisheda study, whichpartly
answers this hypothesis. We assessed the relevance of OFS feeding (16 g/day,
for 2 weeks) on satiety, hunger, and energy intake in a single-blinded, cros-
sover, placebo-controlled design, pilot study in humans. Interestingly, we
found thatOFSpromoted satiety followingbreakfast anddinner, and reduced
hunger and prospective food consumption after dinner. During OFS feeding,
breakfast, lunch and total energy intake were moderately (by about 5–10%)
but significantly lower than those observed during the placebo period.51 The
role of fermentable dietary fibers in the management of appetite in healthy
human has been recently confirmed.52

Moreover, Archer et al. (2004) have demonstrated that fermentable fruct-
ans, added in food as a fat-replacer, were able to induce a lower energy intake
during a test day, despite no effect on satiety at breakfast, suggesting, as
mentioned by the authors, “a late post-absorptive satiety trigger related to
the complete fermentation of this fiber.”53 Other authors have compared the
putative effects of fermentable fibers (pectin and β-glucan, ratio 2:1) and non-
fermentable fibers (hydroxypropyl methylcellulose) on satiety, hunger, and
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body weight and have found no effect of those two fibers.54 These last obser-
vations suggest that the place (proximal or distal colon) and the pattern of
fermentation (in term of short chain fatty acids production) of fermentable
fibers would be important, but this remains speculative.

Together, these results suggest a role of some fermentable dietary fibers,
in promoting a moderate negative energy balance in humans consuming a
diet ad libitum. Thus, on the basis of these results, it is reasonable to suggest
a role of OFS in enhancing satiety and reducing energy intake in humans
consuming a diet ad libitum.

Our experiments are encouraging to continue studies to approach theputat-
ive targeting of gut peptides by “colonic nutrients” in humans. This would
finally result in a nutritional approach devoted to improve insulin sensitivity,
satiety and body weight gain in obese and type 2 diabetes patients.

Finally, despite the clear evidence that fermentable dietary fibers
increase endogenous GLP-1, the mechanisms leading to such an
effect remain unknown. We partly approached preliminary mechan-
isms, and found that the higher intestinal GLP-1 content was linked
to an increase in L-cell numbers in the proximal colon of rats. This
model could be helpful to understand the mechanisms by which OFS
increases L-cells differentiation in vivo. Moreover, in vitro models (non-
differentiated enteroendocrine cells) constitute a potential tool to study
the link between specific fermentation products (e.g., butyrate, pro-
pionate) and mechanisms involved in L-cell maturation (differentiation
factors regulation). Thus, to study the mechanisms of enteroendocrine
L-cells differentiation could be an interesting way of research to design new
experimental approaches to increase endogenous GLP-1 synthesis, and thus
finally harnessing the gut to help treat diabetes.
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Introduction

Rodent models continue to play a critical role in identifying processes
and mechanisms mediating human disease.1 Their relevance surfaces from
cross-species hybridization studies demonstrating homology for several
human genes. Preclinical studieswith rodentmodels are alreadywidely used
to characterize the biological response to a host of compounds with potential
anticancer activities and identify their specificmolecular targets.2–4 However,
it is clear that these are models and thus their similarities and disparities to
human beings must be considered when designing studies and interpreting
findings. Regardless, rodent models (i.e., mice and rats) are widely used to
provide mechanistic insights about many diseases including colorectal can-
cer. These easily manipulated preclinical models provide essential in vivo
data across a number of cancer processes including carcinogen bioactivation,
DNA repair, cell signaling pathways, apoptosis and so forth. A few import-
ant lessons learned from rodent models include the occurrence of candidate
tumor suppressor genes and the elucidation of oncogenes involved in tum-
origenesis and tumor maintenance. As new models are developed it will be
systematically possible to evaluate more sensitive and targeted agents for
cancer prevention and therapy, prior to evaluation in humans thus assisting
in the identification of individuals who will benefit maximally whether with
a drug or a bioactive food component.5−7
Nomodel perfectly replicates the complicatedwebof genetic andmetabolic

interactions necessary for studying human colorectal cancer pathobiology.8

Inherent genetic and metabolic divergences existing between humans and
rodents prevent the direct translation of findings. As knowledge improves,
more comparative biological differences are being minimized thus more
appropriately approximating human conditions. Nevertheless, it is import-
ant to remember inherent genetic and metabolic differences that prevent the
direct application of findings obtained in mouse studies to human popula-
tions; therefore findings obtained in rodent models must be substantiated in
human populations. This chapter will include specific examples to highlight
study design issues typically encountered by researchers studying in vivo
carcinogenic processes.
Rodentmodels are generally effective for obtaining systemic in vivo inform-

ation. The proper selection of a model is critical for minimizing confounding
variables which reduce predictability to human colorectal disease. Diverse
arrays of rodent models exist for cancer prevention studies. As is the case
with all animal models of carcinogenesis, caveats exist for their use. Sources
of experimental confounding variability include differences in genetic back-
ground, the presence or absence of modifier genes, and potential pre-existing
or inducible genetic and metabolic interactions of the model as compared
to humans. However, common confounding variables which limit rodent
model predictability can be minimized. Investigators are encouraged to
carefully consider the impact these underlying model caveats impose and
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balance them with a stringent study design. Only after minimizing inherent
sources of confounding variability should these study findings be judiciously
extrapolated to human colorectal cancer processes. As knowledge of compar-
ative biological differences and similarities increase, better rodent models
more closely approximating human cancer processes will emerge. In the
meantime, several preliminary decisions are required before finalizing the
experimental design and placing an order for any rodent model. These
include species selection (e.g., rat versus mouse model systems), underlying
genetic backgrounds, method of tumor induction (e.g., chemical induction
or genetically engineered), and tumor multiplicity (e.g., size and number
of tumors).

Selecting Rodent Models for Colorectal Cancer Research

Species Considerations

To answer the question of rat versus mouse for modeling colorectal cancer
processes, researchers must first consider sensitivity of the model for pre-
dicting prevention of colorectal cancer in humans. Obvious differences exist
between rats, mice and humans. For example, divergences are seen between
lengths of lifespan, estimated lifetime mitotic divisions, tissue type origins in
spontaneously age-related tumors and changes in cytogenic profiles during
tumorigenesis and carcinogenesis. Unfortunately, rodent models do not rep-
licate the complicated web of genetic and metabolic interactions necessary
for studying human cancer pathobiology.8 Some of these biological points of
divergence between rats and humans are outlined in Table 13.1. Despite these
divergences, colorectal tumors from rodents and humans share histological
and genetic similarities. A recent meta-analysis of published experimental
studies reported similar cancer relative risks for both carcinogen induced rats
and the ApcMin/+ mouse models when compared to humans for β-carotene,
calcium, and wheat bran.9,10 It is these similarities that make rodents use-
ful models for studying human carcinogenesis. In most cases, this variation
reflects genetic variability among models. Regardless, additional studies
are desperately needed since many of the more than 25,000 bioactive food
components have been inadequately examined.

Rodent Genetic Backgrounds

Limitations imposed by any rodent model must also include an evaluation
of the impact of the model’s genetic background. This becomes increas-
ingly complicated by the fact that both the number and variety of genetic
backgrounds available are expanding with large genetic mutations. Mur-
ine differences are known to occur in jejunal crypt cell apoptotic indices
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TABLE 13.1

Comparison of Fibroblastic Requirements for Carcinogenesis and Tumorigenesis

Parameters Rodents Humans

Lifespan 2–3 years ∼ 70–80 years
Lifetime mitotic divisions 1011 1016

Age-related tumor tissue
origins

Mesenchymal Epithelial

Neoplastic type Lymphomas and sarcomas Carcinomas
Cytogenic profile Typically normal karyotype Abnormal karyotype

characterized by altered
chromosome number and
presence of chromosomal
translocations

Fibroblast immortalization Typically normal karyotype Low frequency and tightly
regulated

Telomere length 40–60 kilobases 10 kilobases
Telomerase expression Active post-embryonic Inactive post-embryonic
Regulatory control
Senescence

Arf-p53 pathway in
fibroblasts

Retinoblastoma (Rb)
pathway in fibroblasts

Transformation
Oncogenic Ras
introduction

Fibroblasts become
anchorage-independent
and tumorigenic

No transformation occurs

Protein phosphatase 2A
(PP2A) inactivation

Independent Dependent

Perturbations triggering
tumorigenesis

p53 and Raf-MAPK (Raf is
in oncogenic Ras effector
pathway)

Rb, p53, telomerase, PP2A,
RAL nucleotide exchange
factors (RAL-GEF is in
oncogenic Ras effector
pathway

Source: Adapted from Rangarajan, A. and Weinberg, R.A., Nat. Rev. Cancer. 3, 952, 2003.

between C57BL/6J and C3H/HeJ mouse strains following exposure to ioniz-
ing radiation and presumably would vary in other types of exposures which
increase or decrease DNA damage.2 Germline mutations differ across the
C57BL/6J, CB6F1, andBALB/cmurine strains leading to altered strain cancer
susceptibilities.11 This is also evident in ApcMin/+ mice, a model for familial
adenomatous polyposis (FAP), that carry the homozygous allelic loss of Myh
function.12 Moreover, studies by Nambiar et al.13 and Bissahoyo et al.14 sug-
gest that interstrain differences in azoxymethane (AOM) induced colonic
tumors occur at the 10mg/kg dose in FVB/N, 129, SvJ, C57BL/6J, BALB/c,
AKR/J, and SWR/J mice. Variability in interstrain susceptibilities have also
been reported for colonic tumor induction based on the route of AOMadmin-
istration (e.g., s.c. or i.p.) and the protein and fat content (e.g., maintenance
or breeder chow) of the laboratory rodent chow used.14 Overall, these stud-
ies provide evidence that a complex relationship between underlying genetic
background issues and diet-mediated changes in tumorigenesis exists.
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Some rodent genetic backgrounds can mediate gene penetrance influen-
cing genetic expression of a mutated gene and consequently the useful-
ness of a particular model for specific cancer investigation. The “classic”
C57BL/6J-Min or ApcMin/+mouse mimics an autosomal dominant mutation
to the human adenomatosis polyposis coli (APC) gene with carriers devel-
oping FAP.15−18 FAP is characterized by the rapid growth of thousands of
intestinal adenomatous polyps before the affected individual reaches 20 years
of age. FAP accounts for approximately 1% of all colorectal cancers, but at
least one of these adenomatous polyps will undergo malignant transform-
ation to become a carcinoma unless the entire colon is surgically resected.
An estimated 90% of colorectal tumors are sporadic with 50–80% of these
tumors harboring early Apc mutations also seen in FAP. As a consequence,
this similarity makes the ApcMin/+mouse an important model of colorectal
carcinogenesis.
TheWnt pathway is also thought to play an important role in colon cancer.

Wnt activation in the colonic epithelium appears to be one of the key events in
the polyp initiation process.19,20 In aminority of colorectal tumors, Wnt activ-
ation can occur through mutations that affect phosphorylation sites within
exon 3 of β-catenin, causing protein stabilization.19 Since somatic mutations
in genes in the β-catenin pathway are found in most colon cancers, and aber-
rant β-catenin activity is thought to have an early and causative role in colon
cancer these findings havemajor significance. In other colorectal tumors, epi-
genetic transcriptional silencing or mutation of the secreted frizzle-related
proteins may influence the Wnt pathway. Reports in the literature demon-
strate thatmutations inWnt componentsAXIn1, AX1N2, andTCF4 are linked
to microsatellite-unstable colon cancers.19 However, it is unclear if these are
direct or indirect linkages.
Therefore, better characterization across rodent species and between the

various strains of rodent models could enhance the predictability of rodent
findings to human cancer biology. Biomedical scientists are cautioned when
developing new models or modifying existing ones for cancer research that
genetic backgrounds have substantial influence on phenotypic expression of
genes across rodent cancermodels includingApcMin/+ andApc 1638Nmouse
models as well as other mouse and rat strains.21−25

Tumor Induction and Multiplicity

Broadly speaking, several general strategies exist for inducing carcinogenesis
in mouse models of cancer. Murine carcinogenesis can be classified into the
following five basic categories: (1) endogenous induction by chemical car-
cinogen; (2) endogenous induction by genetic engineering of the model; (3)
spontaneous induction due to natural aging; (4) human xenograft implanta-
tion; and (5) murine xenograft implantation. Each induction method differs
slightly in its representation of and predictability to human cancer processes.
For example, rodents exposed to chemical carcinogens not present in the



8171: “chap13” — 2007/12/3 — 18:27 — page 268 — #6

268 Handbook of Prebiotics

human environment (including diet) or rodents genetically engineered to
carry mutations that may not directly lead to human cancer pose limitations.
Nevertheless, these models are useful when their extrapolations are held in
context.
Tumor multiplicity is the number of tumors induced by a chemical car-

cinogen or a genetic mutation. Variation in tumor multiplicity has been
documented across mouse strains in response to chemical carcinogens.
For example, SWR/J, C3H, ICR, and BALB/c mice are highly suscept-
ible inbred strains which produce high tumor yields in response to 1,
2-dimethylhydrazine (DMH) treatment while DBA/2 and C57BL/6 mice are
resistant strains producing few colonic tumors. Tsukamoto et al.26 speculated
that strain susceptibility may be related to differing genetic backgrounds,
colonicmicroflora colonization, anddiffering systemic abilities to activate and
detoxify carcinogens. When C3H↔ C57BL/6 chimeric mice were produced,
colonic crypts appeared histologically indistinguishable with hematoxylin
and eosin staining. On further investigation, C3H specific antigen immun-
ohistochemistry revealed C3H and C57BL/6 strain identifiable monoclonal
colonic crypts in these chimeric mice. In chimeric mice, tumor multiplicity
was similar to the parental C3H strain, but significantly increased throughout
the colon when compared to the parental C57BL/6 strain. Perhaps mathem-
atical modeling techniques could provide insight into estimating expected
tumor multiplicity across strain-dependent animals. If tumor multiplicity
is known, then standard nonparametric clustered time-to-event analyses
could be used to calculate the influence of bioactive food components on
tumor growth.27 However, modeling techniques assume two premises: (1)
the physiological effects of all bioactive food components are independent
variables not influenced by other nutrients; and (2) the existence of a normal
distribution of induced tumors across. Additional investigations are war-
ranted and needed to deal with uncertainties about how to interpret the
physiological and clinical significance of multiplicity.

Chemical Induction by Carcinogenic Agents

1,2-Dimethylhydrazine

Dimethylhydrazine (DMH) is apotent chemical carcinogen for inducingcolon
cancer in rats andmice. However, its carcinogenicity can varywith strain and
gender of the mouse used. For example, when both C57BL/6 mice and out-
bred ICRmiceare treatedwithDMH,significantly fewer tumorswere induced
in C57BL/6 mice compared to ICR mice and more tumors were induced in
male mice compared to females, regardless of strain.28 Strain specific tumor
susceptibility could be closely tied to an ability to inactivate toxicants by activ-
ating critical enzymes in the detoxification pathway. This hypothesis was
tested by Delker et al.29 in DMH treated SWR/J and AKR/J mice. Neither
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strain, when treated with DMH, exhibited alterations in Cyp2e1 expression
or alcohol dehydrogenase levels. While this evidence may suggest no appar-
ent hepatic effect more thorough hepatic evaluation is needed to substantiate
this claim. In fact, hepatic GSH levels were induced 1.7-fold in AKR/J mice
compared to a 1.2-fold increase for SWR/J mice while colonic GSH activity
was unaffected in either strain. GST activity was elevated in the livers and
colons of both strains with a 1.4-fold greater GST activity in the liver of the
more tumor resistant AKR/J strain and a 1.3-fold increase in activity in the
colon. This was not the case for the SWR/J mice that showed no increase
in hepatic GST activity and a 1.8-fold increase in colonic GST, suggesting
that perhaps SWR/J mice were less efficient at detoxifying DMHmetabolites
thereby delivering a higher concentration of this carcinogen to the colon.29

Differing strain specific efficiencies in metabolizing DHM to its highly react-
ive carcinogen may reduce the ability to detect biological response to food
components in murine models. Differences in efficacy among rats remain
largely unexplored although evidence with other carcinogens suggests that
significant variation is logical. Nevertheless, this variation may be consistent
with natural variability in human risk of colorectal cancer and therefore be
reflective of normal susceptibility.

Azoxymethane

Azoxymethane (AOM), the classic chemical carcinogen, is a product of DHM
metabolism and is not a typical component of the human environment. AOM
is a potent mutagen in its own right offering some advantages over DHM
for tumor induction in rodent models. Among these advantages is the form-
ation of methylazoxymethanol (MAM) a relatively stabile metabolic product
with a 12-h half-life in solution under physiological conditions.30 Its extended
stability promotes the transport of mutagenic electrophils through the blood-
stream, targeting the guanine residues of the colonic mucosal cells for DNA
alkylation. AOM induction consistently reproduces the DHM tumor pheno-
type inducing aberrant crypt foci and colorectal tumors in rodents. Rat tumors
induced by AOM are histologically similar to humans sharing microsatellite
instability and genetic mutations in both K-ras and B-catenin.9 Of potential
concern is the lack of AOM induced p53 mutations and low frequency at
which Apc mutations occur; however, AOM induction is widely utilized.
Overall, AOM is a classically used chemical carcinogen which induces aber-
rant crypt foci with good long-term predictive capacity in a timely and cost
effective manner.31

2-Amino-1-Methyl-6-Phenylimidazo-[4,5-b]Pyridine

Within the recognized chemical carcinogens causing colon cancer, only
2-amino-1-methyl-6-phenylimidazo-[4,5-b]pyridine (PhIP) isnaturallyoccur-
ring in the human diet. PhIP is a dietary heterocyclic amine formed through a
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condensation reaction between creatinine and amino acidswhen protein con-
taining foods, such as meat, fish and coffee beans, are cooked or roasted at
high temperatures.32−35 PhIPmetabolism and subsequent catalytic activation
of itsmetabolites appear species and strain specific.36,37 Ishiguro et al.37 repor-
ted susceptibility to PhIP-induced aberrant crypt formation was greatest in
BUF/Nac rats while Fisher 344 rats were moderately susceptible, but ACI/N
rats were relatively resistant to PhIP-induced aberrances.
The carcinogenicity of PhIP appears heavily dependent upon its rate of

acetylation by N-acetyltransferase (NAT2) to genotoxic molecular species.
Rapid and slow acetylation NAT2 polymorphisms were identified suggest-
ing PhIP carcinogenesis may be mediated by host genetics. Carriers of rapid
acetylator genotypes are at greatest cancer risk as the N-hydroxy-PhIP meta-
bolite isO-acetylated toDNA-reactive adducts. Purewal et al.38 demonstrated
that rapid acetylator Fischer 344 rats exhibited twice as many aberrant crypt
foci compared to slow acetylatorWistar-Kyoto rats exposed to equal doses of
PhIP. Similarly Tudek et al.39 reported female Sprague–Dawley rats showed
a 20-fold greater sensitivity to PhIP than female CF1 mice as measured
by the induction rate of aberrant crypt foci. Limited evidence in Fisher
344 rats suggest that PhIP target tissues perhaps exhibit hormonal influ-
ences targeting colon and prostate tissues in males and mammary tissue in
female rats.36

While PhIP carcinogenicity is influenced by acetylation of its metabolites,
the majority of PhIP induced tumors carry Apc mutations and microsatellite
instability, but lack genetic mutations in K-ras and p53. Tumors chemically
induced by PhIP exhibit similar genetic mutations to those seen in AOM
treated animals. As a chemical carcinogen, PhIP is used less frequently than
AOM possibly because of AOM’s lower cost, greater potency, and history
of use.

Induction by Genetic Manipulation

The “classic” C57BL/6J-Min or ApcMin/+ mouse serves as a thought-
provoking example of the physiological ramifications that are possible when
the Min mutation is placed on other rodent backgrounds and subject to
genetic influences inherent within those strains. The Apc Min/+ mouse model
was developed on a B6 genetic background. The resulting heterozygous
mutation produces multiple intestinal neoplasmia (i.e.,Min) seemingly ana-
logous to human FAP and is generally regarded as a model of sporadic
colon tumorigenesis.15 This in vivo mouse model was developed by back-
cross breeding a C57BL/6J male mouse treated with the alkylating agent
ethylnitrosourea to an AKR x C57BL/6J female displaying circling behavior.
Treatment with this chemical agent induced a germline mutation mapping
to the Min locus corresponding to the mouse homolog of the human APC
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gene. The continual backcross breeding of these progeny with anemia res-
ulting from their bleeding intestinal lesions with C57BL/6J mice resulted in
the creation of the C57BL/6J-Min strain. This model carries a truncated allele
of the murine Apc gene at position 850 causing the sporadic development
of numerous intestinal polyps.17 Strains with a homozygous mutation at this
position could not be produced, as this allelic combinationwas embryonically
lethal.
The original ApcMin/+ mouse developed 20 or more adenomas through-

out the intestine when weanling mice. Regardless, these animals typically
succumb to intestinal adenoma bleeding by day 150.40 Tumorigenicity of
the ApcMin/+ mutation is tightly controlled by genetic modifiers preexisting
in the strain’s genetic background. In contrast, when the ApcMin/+ muta-
tion is transferred onto the homozygous AKR mouse background, intestinal
tumorigenesis is severely diminished with only approximately 25% of these
AKRMin/+ mice even developing a single intestinal tumor despite the loss
of a single copy of the Apc allele and reduced Apc gene expression.18,41

The remaining 75% of AKRMin/+ mice remained tumor-free at 6 months of
age. This background alteration in AKRMin/+mice represents a two orders of
magnitude reduction in intestinal tumor multiplicity compared to ApcMin/+
mice bred on the B6 genetic background.41 In additional studies, AKRMin/+
mice only developed intestinal tumors when treated with ethylnitrosourea
at 9–16 days of age relative to the Apc Min/+ mouse strain. However, tumor
multiplicity was greatly diminished when AKRMin/+ mice were treated at
27–42 days of age.41 The increased tumorigenicity of ethylnitrosourea seen at
9–16 days of age may reflect enhanced sensitivity to mutagen exposure early
in murine development.
The AKR mouse strain appears highly resistant to germline mutations in

Min suggesting that Apc loss of heterozygosity may be less important in
intestinal tumorigenesis in this strain or that inherent genetic modifiers may
be mediating its influence on intestinal tumor development. Indeed, reports
suggest that the Min mutation is highly influenced by genetic modifiers such
asMom1 (i.e., modifier ofMin-1) ormore specifically byphospholipaseA2, its
secretory gene product.42 Phospholipase A2 is a semidominant genetic mod-
ifier of Min influencing intestinal tumor size and tumor multiplicity. Hence
phospholipase A2 mediates the severity of the Min phenotype by modifying
the extent to which the ApcMin/+ mutation is expressed.

Spontaneous Induction due to Aging

Over 95% of human cancers are sporadic in nature.43 For the last 50 years,
the somatic mutation theory of cancer was the accepted paradigm explaining
the carcinogenic process. However, older modified rival hypotheses to this
paradigm exist.44 This somatic mutation theory suggests that cancer arises
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from a single somatic cell which accumulates sufficient DNA damage dur-
ing its lifetime, enabling it to escape normal cellular repair and apoptotic
processes. It also reasoned that thesemutated cells are able to circumvent nor-
mal cell cycle conventions blocking hyperproliferation leading to neoplasia
and eventually carcinoma. Ourunderstanding of chemical carcinogens, onco-
genes, tumor viruses, andgeneticmutations seem to support this paradigm.43

On the basis of these premises, rodent models of spontaneous tumor devel-
opment due to increasing age may mimic genomic mutations accumulated
over a lifetime.

Transgenic Mice

Unfolding of spontaneous tissue-specific somatic mutations was reported by
Dolle et al.45 in agingmaleC57BL/6pUR288-lacZ transgenicmice. They iden-
tified 140 unique pointmutations across tissues in these older transgenicmice
while fewer, but similar, point mutations occurred in the brain, heart, liver,
spleen and small intestine of younger animals. Tissue-specific point muta-
tions were reported in the intestines of aged (30–33 months) mice compared
to younger (3–4 months) animals.

Human and Murine Xenograft Implantation

The nude mouse carries the Foxn1nu mutation that prevents development of
themurine thymus gland and its T-lymphocytes have been key to the examin-
ation of xenograftmodels. The recessive nugenemutationprevents the ability
of the nudemouse tomount a T-cell immunological response to reject primary
or cultured trans-species tumors from growing. Although McGarrity et al.46

reported that a high cellulose diet attenuated the tumorigenesis of human
colon cancer explants, little evidence currently exists on the potential role of
prebiotic nondigestible carbohydrates inmodulating human ormurine colon
cancers implanted in nude mice. Nevertheless, there is evidence that several
noncarbohydrate compounds in the diet are effective in retarding growth of
xenografts in nude mice.

The Colonic Milieu

The colon serves a unique physiological function. Not only does the colon
reabsorb salts andwater before rectal excretion of solid biological wastes, but
it also serves as an important microenvironment supporting the growth of a
myriad of microflora. The colonic environment naturally supports a diverse
range of microbial populations that are compartmentalized by changes in
colonic pH and nutrient flow from the proximal to distal end of the colon.
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The acidic pH and high nutrient flow of the proximal colon milieu promotes
rapid growth of saccharolyticmicrobes. However, as the colonic environment
undergoes transition towards the distal colon, microbial populations shift
favoringslowgrowingmicrobes requiringaneutralpHandprotein substrates
to supply their energy requirements. Physiologically, microbes constitute
a dynamic population of symbiotic microorganisms with metabolic, pro-
tective, and trophic influences.47 These metabolic influences range from
synthesis of essential nutrients such as vitamin K, B12, biotin, and pantothen-
ate to the production of metabolizable energy sources for the surrounding
colonocytes.48

Microbes also exert protective and trophic influences on the GI tract. These
influences range from forming a gut mucosal barrier, which prevents the
translocation of opportunistic bacteria to promoting cell differentiation and
development andmaintenance of the immune system.47 However, the fragile
balance between the gastrointestinal tract of the host organism and compos-
ition patterns of its colonic microflora is not static. The colonic milieu can
be disrupted by some medications (e.g., antibiotics) and dietary components
which change colonic pH and shift substrate availability, thereby shifting
resident microbial populations. By definition, prebiotics are nondigestible
dietary componentswhich escape hydrolysis in the stomach and small intest-
ine before entering the colon, and selectively modifying the growth and/or
activity of selective microbial populations.49

Several microbial populations are significantly reduced during active
inflammatory bowel diseases. Animal studies investigating the inflammatory
bowel diseases, ulcerative colitis and Crohn’s disease, suggest that colonic
microflora exert a cytokine-mediated immunoregulatory influence on the
genesis of these immune-related GI diseases. Madsen et al.50 reported that
repopulation of the colonic lumen with Lactobacillus reuteri in IL-10 deficient
mice prevented development of colitis in these mice by reducing adherent
colonicmucosalmicrobialpopulationsaswell as their ability to translocate the
underlying epithelium. Bacterial translocation is facilitated by degradation
of the gel-like intestinal mucin layer enrobing enterocytes lining the GI tract.
While high insoluble dietary fiber consumption stimulates mucin secretion
by the surrounding goblet cells in rats, it is now apparent that diet influ-
ences in vivo stability of the mucosal barrier.51 Similar findings were reported
by Pavan et al.52 who treated 2,4,6-trinitrobenzene experimentally induced
mouse colitis with Lactobacillus plantarum as well by Fujiwara et al.53 who
treated dextran sulfate sodium-induced disease in mice using Bifidobacterium
longum.
Nondigestible carbohydrates and undigested proteins entering the prox-

imal colon are fermented by the resident colonic microflora to several major
by-products. These by-products exert differential effects which may be bene-
ficial, inert, or harmful to colonocytes lining the bowel lumen. Fermentation
by-products of complex carbohydrate metabolism typically exert benefi-
cial effects or are inert. This is in stark contrast to the products of protein
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metabolism. For example, carbohydrate fermentation yields innocuous
hydrogen (H2) and carbon dioxide (CO2) gases, whichmay produce bloating
andmethane formationexpelledasflatulence. In contrast, proteinmetabolism
yields hydrogen sulfide gas, a toxin.54 Carbohydrate fermentation also yields
the production of beneficial compounds which acidify the colonic milieu pre-
venting the overgrowth of potentially harmful microbial strains. Although
the bacterial fermentation of each nondigestible carbohydrate metabolically
produces the same by-products qualitatively, their fermentation profiles vary
quantitatively.55−57 Because of this effect, much emphasis is placed on the
potential beneficial role of short chain fatty acids (SCFAs) inmaintaining nor-
mal colonic health. SCFAs, in particular butyrate, assist in themaintenance of
the colonic mucosa by serving as a major metabolic energy source for normal
colonocytes, providing as much as 70% of their metabolic requirements.58,59

Additional carbohydrate fermentation by-products include the production
of lactic acid (IUPAC name, 2-hydroproponic acid) by several bacterial gen-
era of lactic acid bacteria (LAB) which commonly reside on the mucosal
surfaces of healthy colons. Lactic acid reduces colonic pH shifting the colonic
milieu, favoring LAB core anaerobes Lactobacillus, Lactococcus, Leuconostoc,
Pediococcus, and Streptococcus. Other anaerobes such as Aerococcus, Carnobac-
terium, Enterococcus, Oenococcus, Teragenococcus, Vagococcus, and Weisella are
also included among LAB microbes, but they are of a more peripheral
importance.
Although ethanol is also produced during fermentation of nondigest-

ible carbohydrates, it is rapidly metabolized by the surrounding colonic
microflora without affecting the host organism.
While undigested proteins entering the colon are fermented by the sur-

rounding microflora, its major fermentation products differ substantially
from those produced from nondigestible carbohydrates. Undigested proteins
yield predominantly branch chain fatty acids ammonia, amines, phenols,
indoles, thiols, and sulfides. Since these compounds are not used by the
microflora formetabolizable energy, they can be consideredpotentially harm-
ful irritants with potential mutagenic activity as well as adverse affects on the
immune system. In light of recent research findings, proposed definitions for
prebiotics should consider the selective fermentability of food stuffs which
induce changes in the composition or activity of endogenous gastrointest-
inal microflora and how this influences health benefits in the host. Only
selective nonstarch carbohydrates with confirmed prebiotic status will be
discussed further. They include dietary fiber, inulin, fructo-oligosaccharides
(FOS), galacto-oligosaccharides (GOS), and xylo-oligosaccharides (XOS).

Prebiotics and the Colon

The role of prebiotics in the prevention of colon cancer has been investigated
using in vivo rodent model systems. A variety of dietary fibers have been
studied in vivo using rodent models of carcinogenesis. Although conflicting
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and often less than enthusiastic findings have been produced along the way,
these studies contributemuchneeded insights to support undertakinghuman
clinical intervention trials with prebiotic dietary components such as dietary
fiber. Evidence gleaned from in vivo rodent studies suggests potential protect-
ive roles not just for dietary fiber, but also for resistant starch (RS), inulin, FOS,
GOS, andXOS.However, rapid colonocytemetabolic uptakemakes theutility
ofmeasuring fecal short chain fatty acid profiles and hepatic circulating levels
questionable as an indictor of the biological response to prebiotics. Further-
more, the impact of animal model background on cancer biology and shifts
in resident microflora as a result of consuming prebiotics deserves additional
clarification.

Dietary Fiber

Dietary fiber consists primarily of soluble and insoluble plant carbohydrate
and noncarbohydrates such as polysaccharides, oligosaccharides, lignin, and
associated plant substances. These complex carbohydrates are comprised of
linear β-glucosemonomers (e.g., cellulose) or d-glucosaminemonomers (e.g.,
chitosan) connected by beta 1-4 linkages and are primarily structural poly-
saccharides. In general, the digestibility of dietary fibers is a function of their
polymer composition. The definition of dietary fiber was updated in 2001, 30
years after the introduction of a working definition, to clarify its composition
andphysiologic functionality.60 TheAmericanAssociationofCerealChemists
define dietary fiber as “the edible parts of plants or analogous carbohydrates
that are resistant to digestion and absorption in the human small intestine
with complete or partial fermentation in the large intestine.”60 In humans,
dietary fiber is attributed with promoting laxation, and the attenuation of
cholesterol and glucose concentrations.
As nondigestible complex carbohydrates enter the colon, dietary fiber is

fermented by microbes in the cecum of rodents to produce SCFAs primar-
ily acetate, propionate and butyrate.61 The resulting acetate and propionate
produced in the colon are not predominately metabolized by the mucosa
but instead enter the bloodstream. In vivo experimental rodent evidence sug-
gests wide physiological variations in response to these nonstarch digestible
polysaccharides aswell as butyrate, amicrobial fermentation by-product.62,63

These inconsistenciesmaypartially result from the discordant use of differing
fiber types, doses and route, and method of chemically inducing carci-
nogenesis in Fisher 344, Wistar, and Sprague–Dawley rats.64−68 Moreover,
consideration must also be given to interactions between dietary fiber and
other bioactive food components such as dietary fat when using ApcMin/+
mice and Spague–Dawley rats.69,70

Resistant Starch

Resistant starch is defined as starch and starch degradation products that
escape digestion and absorption in the small intestine.71 Much like dietary
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fiber, these highly fermentable carbohydrate substrates are hydrolyzed by
the surrounding GI microbial populations yielding luminal SCFAs with a
particularly high fraction of butyrate produced in the large intestine. RS
is classified into four major types of which only three occur in the typical
human diet. RS1 are starches trapped within the plant cellular matrices such
as whole or partially milled whole grains. RS2 (e.g., raw potato) and RS3
(e.g., extruded cereals) are granular and nongranular starches respectively,
while RS4 are chemically modified resistant starches. The digestibility of res-
istant starches and their degradation products as well as the SCFA profile
produced are variable. In rats, the major SCFAs, that is, acetate, propionate
and butyrate, are absorbed along the colon at rates comparable to humans
and it is presumed that these organic acids confer protection against colon
carcinogenesis.72 However, direct causal evidence to support the production
of SCFAs, butyrate in particular, as protective against colon cancer is still
lacking.
Le Leu et al.73 reported a decrease in cecal β-glucuronidase activity

(p< .001) and elevated acetate and butyrate concentrations (p< .001) in
the distal colons and feces of AOM treated male Sprague–Dawley rats fed
100 g/kg raw high amylase cornstarch, a RS2 carbohydrate. While a lower
incidence of colonic adenocarcinomas and intestinal neoplasms was also
reported in animals fed the high amylase cornstarch diet, the addition of
150 g/kg digestive resistant potato protein to the diet increased both the
incidence andnumber of tumors. Asmentionedpreviously, proteins canyield
different end products than carbohydrates and some of these may have det-
rimental effects on cancer risk. Such evidence is consistent with the proposal
that increasing intestinal ammonia is a risk factor for colon cancer and that
one of the effects of complex carbohydrates may be to serve as a sink for
capturing the ammonium ion.74

Another example of the beneficial effects of complex carbohydrates comes
fromstudieswithmaleSprague–Dawley rats treatedwithDMHandreceiving
10 g RS3 instead of 10 g of waxymaize starch per 100 g diet, where they failed
to develop large intestinal tumors, while 50% of control animals developed
histologically confirmed adenocarcinomas or adenomas.75 Ki-67 staining of
the proximal colons of these animals suggested no significant change in cell
proliferation. While in the distal colon, fewer crypt cells stained positive
for Ki-67 in rats fed RS3. This was accompanied by reductions in both the
lengths of the proliferative zone and individual crypts. Thus, complex carbo-
hydrates do appear at least inmodel systems to offer protection against colon
cancer.

The Fructans: Inulin and Fructooligosaccharides

Fructans are non-starch polysaccharides composed of a glucose monomer
linked to multiple fructose units and occur naturally as linear or branched
chains. Inulin is polymer fructose monomer ending in a terminal glucose
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monomer and considered a dietary fiber.60,71 In the colonic lumen, the sur-
rounding microflora partially hydrolyze inulin yielding FOS comprised of
polymers containing 3–10 fructose units. Colonic responses across the various
nonstarch polysaccharides appear tied to their fermentability by surrounding
GI microflora and their resulting by-products.
These oligosaccharides may also affect cancer risk by mediating the colon-

ization of specific microbial populations, thus triggering a biological chain
of events. The fermentation capacity of various microbial subspecies is
not identical with metabolic preferences occurring across the microbes. For
example, thebeneficial genusBifidobacteriumprefers inulin andFOSas ameta-
bolic fuel while Clostridium appear unaffected by these substrates.76 Studies
in Sprague–Dawley rats treated with DMH to induce colonic preneoplastic
lesions and in specific pathogen-freeWistar rats suggest that oligosaccharides
may play an important role in reducing colon cancer risk through a decrease
in colonic pH and by shifting the resident microflora. Fermentation studies
conducted in gnotobiotic Wistar rats inoculated with human fecal microflora
showcecal and colonicpH levelsdroppedwhen rodentswere fed either inulin
oroligofructose.77 Inparticular, FOSandXOSsupport thegrowthofbeneficial
Bifidobacterium spp. while Clostridium perfringens and Escherichia coli popula-
tions do not appear to utilize these nondigestible carbohydrates as metabolic
substrates and are unaltered in the Sprague–Dawley rat cecum.78 FOS exerted
similar effects on fecal pH and on stimulating Bifidobacterium growth in spe-
cific pathogen-freeWistar rats.79 Microbial populations in gnotobiotic Wistar
rats consumingFOSshiftedaway fromthedeleteriousClostridiumhistolyticum
subspecies (p < .0001) in favor of promoting the colonization of Clostridium
coccoides, Lactobacillus and Enterococcus (p < .0001).77

Promotion of beneficial and even inertmicrobial populationswhile shifting
GI colonization away from deleterious microbial genera may also have a
significant impact on reducing GI cancer risk bymaintainingmucosal barrier
function. The translocation of pathogenic microbes is impaired through
combination of a stablemucosal barrier and low luminal pH. In vivo studies in
Wistar rats demonstrate this basic principle inmaintainingmucosal function.
The effects of luminal expansion by bulk stool formation, without fermenta-
tion by-product production, using polystyrene foam showed moderate bulk
formation with FOS and beet fiber. Mucin secretion was elevated in the small
intestine and cecumofWistar rats fed diets containing 5% (w/v) FOS alone or
in combination with 5% (w/v) polystyrene foam. Similar results were repor-
ted in animals consuming 10% beet fiber.51 While SCFAs, such as butyrate,
are energetically important to the colonocyte, acetate is the major contri-
butor for maintaining an acidified intestinal lumen. Although other organic
acids including propionate, lactate and succinate also participate in reducing
luminal pH, their overall contributions are reduced. Similarly, cecal levels
for total SCFAs and total organic acids including succinate and lactate were
elevated in animals fed 5% (w/v) FOS alone or in combinationwith 5% (w/v)
polystyrene foam and 10% (w/v) beet fiber.51 Overall, these in vivo data sug-
gest that goblet cells secrete mucins to protect the underlying epithelial layer



8171: “chap13” — 2007/12/3 — 18:27 — page 278 — #16

278 Handbook of Prebiotics

from environmental stressors arising in the form of physical stretching and
declining pH.
Evidence exists that FOS and XOS can reduce the formation of aberrant

crypt foci, hallmarked by exaggerated cell size and a thickening of the colonic
epithelial lining in these animals, a putative colonic preneoplastic lesion
modeling early carcinogenic events.78 Additional protective benefits include
increased apoptosis in the distal colonic crypts of similarly treated Sprague–
Dawley rats fed oligofructose and inulin, thus preventing accumulation and
proliferation of aberrant crypt foci.80

Despite these beneficial effects, the anticarcinogenic benefits of FOS may
be limited. A rapid fermentation of FOS also produces adverse effects on
intestinal permeability and GI barrier function. As fermentation of FOS
increases, intestinal permeability rises via the dose-dependent production
of SCFAs.79 Although SCFAs are important metabolic energy sources for
colonocytes, high concentrations stimulate mucin production in response to
these organic acids to protect the GI lumen against cellular damage.79 Unfor-
tunately, fermentation of dietary fibers leading to higher concentrations of
SCFAs does not protect the GI lumen against inflammation and injury or
the translocation of pathogenic microbial species such as invasive Salmonella
species.81,82

Galacto- and Xylo-Oligosaccharides

Galacto-oligosaccharides are manufactured from lactose by glycosyl transfer
catalyzed by β-galactosidase and can occur as complex mixtures with vari-
ous glycosidic linkages. In addition to having beneficial effects on the gut
microbiota, GOS are also valuable in food science because of their organ-
oleptic properties. A study conducted by Winjnands et al.83 revealed that
GOS were highly protective against the development of colorectal tumors in
Wistar rats treated with DMH. The multiplicity of colorectal tumors in rats
fed a high GOS (26.34–28.63%) diet was statistically lower than those fed low
GOS (8.30–9.54%) diet regardless of the fat content of the diet.83 More recent
studies reveal that GOS addition (5% versus 20%) can also reduce the incid-
ence of aberrant crypt foci in Fisher 344 rats treated with AOM. A reduction
in AOM induced aberrant crypt was found to correlate with the reduction in
colon cancer in a comparably treated group of rats.84 These studies suggest
that the protective effects of these and possibly other complex carbohydrates
is via a reduction in the promotion phase of carcinogenesis.
Xylooligosaccharides are sugar oligomers made up of xylose units. XOS

are naturally present in fruits, vegetables, bamboo, honey, and milk and
can be produced on an industrial scale from xylan-rich materials. Campbell
et al.85 suggested that XOSwere similar to fructooligosaccharides and exerted
beneficial effects on gastrointestinal health by increasing the bifidobacterial
population, supplying SCFAs, and lowering colonic pH. Santos et al.86

reported that XOS increased lactobacilli by 10-fold and markedly influ-
enced bifidobacteria counts when added at 1% (w/v) to a mouse diet.
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XOS-treatment also reduced the counts of sulfite-reducing clostridia signi-
ficantly. Supplementation with 60 g/kg diet of XOS and FOS to 6-week-old
male Sprague–Dawley rats for 5 weeks decreased the mean number of mul-
ticrypt clusters of aberrent crypts (i.e., ≥2 crypts/focus) by 81% and 56%,
respectively.86 Thus, it appears that effectiveness of XOS may not be as
beneficial as that occurring with FOS supplementation. Regardless, the com-
paratively high costs for producing XOS have likely limited research about
its effectiveness as a deterrent to disease risk.
While the current data with GOS and XOS are intriguing, the number

of studies available is modest and clearly deserving of additional attention.
Attention is needed not only to characterize theminimal amounts needed but
also to bring about a phenotypic change that is relevant to colorectal cancer
risk reduction.

Conclusions

The development of inducible and conditional technologies allows for the
development of transgenic models that capture many of the essential com-
ponents of disease risk, including that associated with colon cancer. It is
increasingly possible to develop specialized models for examining the spe-
cific site of action of prebiotics and probiotics as a function of the amount
and duration of exposure and as a function of genetics of the host organism.
While there is evidence that both pre- and probiotics can influence the cancer
process the exact mechanism responsible for this effect is much less clear. The
use of various animal models should assist in clarifying the specific target(s)
and provide important clues about who will benefit most from their use in
the human diet.
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Introduction

Cancer deaths and new cancer cases continue to mount at an alarming rate.
While it is estimated that the current death rate of approximately 7 million
annually may decline, the ca. 20 million new cases is projected to increase
to 30 million in the next 10 years, unless effective prevention strategies are
implemented. The most effective strategy may be to actively manage the dis-
ease via screening, early detection, introduction of healthy diets, and other
life style changes and use of more sophisticated interventions (drug and diet-
ary) in high risk groups of individuals. In developed countries, cancer is the
second-biggest cause of death after cardiovascular disease (CVD) and epi-
demiological evidence points to this trend emerging in the developed parts
of the world.1–3 This is particularly true for countries of “transition” or in the
middle income category, such as in South America and Asia. Today, more
than half of all cancer cases occur in developing countries. Dietary factors
are estimated to account for approximately 30% of cancers in western coun-
tries, making diet second only to tobacco as a preventable cause of cancer.4

However, it is increasingly apparent that not all individuals will respond
identically to dietary change.5

285
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A host of dietary factors may be involved in modifying cancer risk and
tumor behavior.5 Thus, selected compounds arising from not only plants
but animal products and fungi, as well as from microorganism metabol-
ism in the gastrointestinal tract, may influence the incidence of cancer at
multiple sites. For instance, shifts in dietary habits in Japanese citizens
have been proposed to account for the marked rise in incidence.6 In recent
years, substantial evidence has pointed to the link from excess calories
and accompanied overweight and obesity conditions, with increased cancer
risk at multiple sites including esophagus, colorectum, breast, endomet-
rium, and kidney.7,8 Again, the composition of the diet may be important
in determining this response through a shift in various processes associ-
ated with energetics and oxidative damage is linked with cancers at many
sites, including lung, breast, prostate, esophageal, gastric, and colorectal
cancers.1,9,10

Colorectal cancer (CRC) is one of the leading causes of cancer deathsworld-
wide. It is now considered the secondmost preventablemalignancy.While an
estimated145,290Americanswill bediagnosedandapproximately56,290will
die of the disease in 2006, CRC could be prevented in 28,145 cases if recom-
mended screening and surveillance recommendations were followed.1 By
virtue of endoscopic and imaging accessibility of the colorectum, along with
itswell-characterizedpathogenesis, CRCprevention and earlydetectionhave
become a reality that could significantly diminish death and suffering from
cancer. Although unfortunately, widespread application of current screening
technologies has been difficult, progress continues as visualization of, and
access to, the colorectum also enables researchers to evaluate the activity of
dietary changes, nutritional supplementation, and chemoprevention agents
on genetic, molecular, and histological colorectal carcinogenesis.

Colorectal Cancer Prevention

A comprehensive cancer prevention strategy that begins with preclinical
research, animal experiments, and observational studies, has built the found-
ation for development of rational approaches to clinical CRC prevention
research.11 This strategy, alongwith recent advances in translational research,
has led to the development of promising molecularly targeted interventions
in high-risk populations. For example, familial adenomatous polyposis (FAP)
is an autosomal dominant condition resulting primarily from a mutation
in the APC gene on the chromosome 5q. Carriers of this condition have a
virtually 100% chance of developing CRC. While readily identified through
phenotype of their multiple adenomas, it is clear that considerable hetero-
geneity in the clinical course occurs even between family members with the
same mutation. Revelations about specific changes that occur during carci-
nogenesis allows not only identification of molecular targets for intervention,
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Cancer progression in the human colorectum. (From Vogelstein, B. et al., N. Engl. J. Med., 319,
525, 1988; Fearon, E. R., Science, 278, 1043, 1997.)

but also potentially the identification of molecular markers of assessing the
incidence and success of intervention strategies. Colorectal carcinogenesis,
like other cancers is a multistep, multistage process (Figure 14.1).12–14 It has
been established that multiple mutations lead to the final cancer stage from a
normal cell. The genetic events that take place during colon cancer develop-
ment are relatively well characterized. Normal epithelium in the intestinal
crypts can become mutated (most commonly an APC mutation). Further
mutations in k-ras and p53 lead to small and then large adenomas that are
common precursors of carcinoma. Additionally, over expression of inducible
cyclooxygenase (COX-2) occurs at an early stage in the cancer process. Any
interventionwhich results in a break of the evolutionary sequence of events in
CRCwill be the key preventive approach for CRC. For example, interruption
of adenoma carcinoma sequence by resecting polyps is a method of second-
ary prevention in CRC.15 Additional strategies aimed at modifying one or
more cellular processes is also recognized as a strategy to break the chain of
events.
Biologically based biomarkers of cancer risk and preventive response

could improve the efficiency and accuracy of clinical prevention trials.16,17

Nevertheless, the identification and validation of candidate biomarkers is
difficult, expensive, and controversial. The most successful candidates to
date (i.e., colorectal adenomas (for CRC), cervical intraepithelial neoplasia
(for cervical cancer), actinic keratoses (for nonmelanoma skin cancer)) have
arisen from traditional histopathological characterizations of excised lesions
evident on routine physical or endoscopic exams. Newer imaging tech-
niques (such as high-resolution/magnifying endoscopy, optical coherence
tomography, laser-induced fluorescent endoscopy, etc.) that can identify
more subtle abnormalities which precede adenomas may improve sensit-
ivity and specificity. New endoscopic techniques hold promise to change
the future of diagnostics and effective prevention/treatment therapies, but
will need to be studied carefully to determine whether their goals are
achievable.
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Preventative Strategies Targeting Early Lesions

Colorectal adenomas are believed to be common, but not obligate (absent in
5–10% of cases) precursors of most CRCs. Within the last decade, aberrant
crypt foci (ACF) have been identified in rodent models of carcinogenesis and
have been proposed as precursors of colorectal adenomas and cancers.18–20,22

ACF in humans were first observed on the flat colonic mucosa of patients
operated on for familial adenomatous coli (FAP), cancer, or benign diseases
of the large bowel.18 Later, ACFwere observed on unsectionedmucosa using
a dissecting microscope. Topologically, colonic lumen presenting regions
with aberrant crypts showed various shapes which could be grouped into
three categories (i.e., round, serrated, or elongated), each predicting histolo-
gical alterations.18,21,20 The same features could be observed in vivo using
a magnifying colonoscope.23,24 Generally, immunohistochemical expres-
sions of carcinoembryonic antigen (CEA), beta-catenin, placental cadherin
(P-cadherin), epithelial cadherin (E-cadherin), inducible nitric oxide synthase
(iNOS), cyclooxygenase (COX-2), and P16INK4a are altered in aberrant
cells. Genetic mutations of K-ras, APC and p53, and the epigenetic alter-
ations of CpG island methylation of ACF have also been documented.
Genomic instabilities due to a defect in mismatch repair system have also
been reported to occur in ACF. The number of ACF per square cm of
colonic mucosal surface is higher in patients with FAP. In these patients,
ACF examined showed definite dysplasia at histology in 75 ± 100% of
cases and could be appropriately referred to as microadenomas. Rudolph
et al.20 suggest that persons with adenomas have somewhat more rectal
ACF than persons without, and that older age is a risk factor for ACF
growth.
It has been suggested that about 10–15% of sporadic CRCs have their

origin in serrated polyps, which appear to possess considerable meta-
static potential.25 These lesions include hyperplastic-type ACF, hyperplastic
polyps, sessile serrated adenomas, admixed polyps, and serrated adenomas.
This “serrated” subgroup is characterized by early involvement of oncogenic
BRAF (B-type Raf kinase) mutations, excess CpG island methylation, and
subsequent low- or high-level DNA microsatellite instability (MSI). Hyper-
methylation of hMLH1 and MGMT may explain the increased frequency of
high-level and low MSI respectively, but inconsistencies are evident.26–28

Role of Prebiotics in Colorectal Cancer Prevention

It is clear that diet, obesity, physical activity, tobacco, and excess alcohol con-
sumption are all risk factors in CRC development, as well as important key
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risk factors for other chronic diseases, such as type 2 diabetes, CVD, and res-
piratory diseases. Most of these factors are linked to increased incidence of
ACF, adenomas, and CRC.27,28 The role of many risk factors as well as pre-
ventive agents has been evaluated in earliest endoscopic lesions—ACF are
consistently increased in their number and severity of histologic pathology.
Hence, it is logical to think that ACF can be used as surrogatemarker for CRC
prevention intervention. Impressively, the response to bioactive food com-
ponents appears to be relatively constant regardless of basal diet, strain, or
species of rodent examined, and type of carcinogen evaluated. Several dietary
factors, including prebiotics, have been shown to modulate ACF in pre-
clinicalmodels ofCRCprevention.29,30 However, amore systematic approach
to characterizing the influence of the duration of exposure to a range of
prebiotics is needed—especially as it relates to the occurrence of subtypes
of ACF.
Histologically, ACF are rather heterogeneous in patients with cancer or

benign diseases of the colon. They may be normal (i.e., no cell or tissue
abnormalities are evident) or show various alterations, from hyperplasia to
severe dysplasia.18,21,22 Only a minor fraction of the ACF examined were
defined as dysplastic, although in the literature a wide range of figures has
been reported (5 ± 54%). It was proposed that ACF natural history and
response to interventions like inulin alone or in combination with other
promising interventions be evaluated for not only biomarker modulation
but also the response to these intervention agents. Since inulin is a term
applied to a heterogeneous blend of fructose polymers found widely distrib-
uted in nature as plant storage carbohydrates. Various types of preparations
are available for examination. Oligofructose contains molecules with 2–10
polymers and inulin with 10–65 polymers, and Synergy I is a specific formu-
lation of these oligofructose and inulin molecules (i.e., 2–10 polymers and
10–65 polymers).31–33

While several dietary factors have been proposed to modify CRC risk, rel-
atively few intervention studies have been undertaken. In some the data
have not been terribly encouraging. For example, the Women’s Health Ini-
tiative study did not detect an effect of calcium and vitamin D or vitamin
E on colon cancer.34,35 It is unclear if the lack of response is a result of
the time when supplementation began, or if the quantity was insufficient
to bring about a response, or if preclinical and epidemiological evidence
are providing erroneous results. Grau et al.36 found calcium supplementa-
tion in the Calcium Polyp Prevention Study was linked with a statistically
significantly lower risk of any adenoma than those in the placebo group
(31.5% versus 43.2%) and a smaller but not statistically significant reduction
in risk of advanced adenomas. The protective effect of calcium supple-
mentation on risk of colorectal adenoma recurrence appeared to extend
up to 5 years after cessation of active treatment, even in the absence of
continued supplementation. The reason for inconsistencies among studies
remains to be determined but again may reflect quantity and timing of
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administration of the agent and susceptibility of subgroups to dietary
intervention strategies.
Among the multiple dietary factors proposed to influence CRC risk

and progression, dietary fiber has been of great interest.37–39 Several
case–control and a few cohort studies have reported that higher fiber
intake was linked with reduced risk, although inconsistencies are evident.
Limitations in collecting and interpreting dietary data are often proposed
as the reason for inconsistencies.40 In a large recent European Pro-
spective Investigation, high dietary fiber foods was associated with an
estimated 40% reduction in risk for large bowel cancer possibly reflect-
ing the size of the study and range of exposures needed to bring
about a response or interactions with other dietary components including
folate.41

To date, intervention studies testing the relationship between dietary
fiber and colon cancer have focused on whether fiber supplementation or
dietary modification can influence the risk of adenoma recurrence and/or
growth in those with a history of adenomatous polyps. Most individu-
als were given a dietary fiber supplement for varying periods of time
with minimal effects on adenoma recurrence during 3–5 years. In a large
randomized U.S. study, the Polyp Prevention Trial, the effect of prescrib-
ing diet modification (increased fiber and reduced fat intakes) was tested,
and no effects on adenoma recurrence were observed, although dietary
data suggested that the change in intake in the intervention group may
not have been substantial and an interaction with NSAIDS may have
occurred.42,43 The effect of increased dietary fiber intake on risk for CRC
has not been adequately addressed in studies conducted to date. Longer-
term interventions with a greater range of exposure to fiber intake are
warranted.
Dietary fiber including those available in the form of inulin/Synergy-I

are nondigestible in the intestine but can be fermented by gastrointestinal
bacteria. It is these secondary fermentation products that likely exert their
preventive effect on the colorectal mucosa, as well as promote the growth of
beneficial bifidobacteria. It is known that intake of inulin leads to a dramatic
change in themicroflora of the gut, increasing bifidobacteriawhile decreasing
pathogenic organisms like clostrida. Furthermore, an increase in apoptotic
index in rat colon has also been observed.44 Investigators have presented
evidence for the suppression of AOM induced ACF in the rat colon as well as
evidence that Synergy combined formulation of this fructan ismore beneficial
than either oligofructose or inulin.45

Interest in short chain fatty acids has been rekindled by findings with
prebiotics as well as probiotics.46 The rate and amount of these fatty acids
produced is dependent upon the species and amounts of specific micro-
flora present in the colon. Butyrate in particular is a major energy source for
colonocytes. Unfortunately it remains unclear if the concentration of butyr-
ate generated is sufficient to retard CRC risk. Nevertheless, butyrate has been
reported to promote cell differentiation, cause cell-cycle arrest, and promote
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apoptosis.47–49 These cellular changesmay result froman inhibitionof histone
deacetylase.50 While the preclinical findings are intriguing, more definitive
information is needed in humans about the health consequences of increased
butyrate production as well as the effects of other short chain fatty acids.
Regardless, irrigating the colon with butyrate has also been suggested as a
treatment of colitis. Thus, it is possible that butyrate is exerting a role in the
human colon to reduce the number of cancer-related processes, including
inflammation. Short- and long-term human intervention studies are clearly
warranted.
Based upon this preliminary data, a European study of prebiotics in com-

bination with prebiotics (synbiotics) was recently completed. The principal
goal of the EU-sponsored SYNCAN project involved integration of an in
vitro study to select the most suitable synbiotic preparation and the applic-
ation of this synbiotic in an in vivo rat model of chemically induced colon
cancer.51 Amolecular biomarker evaluationof the synbiotic effects in ahuman
intervention study was also recently completed.52 The human intervention
study consisted of two groups of volunteers. One group was composed of
people at high risk (polypectomised subjects) for colon cancer and the other
of volunteers (colon cancer subjects)whohadpreviouslyundergone“curative
resection” for colon cancer butwere not currently receiving treatment.53 Ana-
lyses of colonic biopsy samples indicated that synbiotic treatment decreased
exposure to genotoxins in the polypectomized patients but not in cancer
patients. A nonsignificant reduction in proliferative index occurred in the
polyp patients receiving synbiotic treatment. Interestingly, there was an
indication that polyp patients and cancer patients responded differently to
synbiotic treatment as evident by the expression of various biomarkers. Oli-
gofructose/inulin or Synergy compounds for a two-arm randomized trial to
assess the efficacy in a cancer susceptible (>60 years old) versus nonsuscept-
ible population will also be performed under the auspices of NCI Division of
Cancer Prevention.

Conclusion

Accumulation of epidemiological and preclinical models is such that diet,
obesity, and physical activity can be considered as the secondmost important
factors that can be modulated as a primary prevention effort. Furthermore,
functional foods like pre- and probiotics offer opportunities to further con-
sider secondary CRC prevention strategies that will involve well-designed
phase II clinical trials to answer fundamental questions in the beneficial prop-
erties of these dietary components. While the evidence to date about pre-
and probiotics is intriguing, much more definitive information is needed in
humans regarding quantities, timing, and genetic-environmental variables
before effective dietary intervention strategies can be mounted.
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Epidemiological Correlation of Fiber Intake and Colon Cancer Risk

Colon cancer is one of the major neoplastic diseases with the number of new
cases per year rising rapidly since 1975. Colon cancer is the fourth common-
est form of cancer and causes 12.6% of all cancer incidents in men and 14.1%
in women in the westernized countries.1 However, large differences exist
between populations worldwide. Epidemiological studies regarding colon
cancer risk in communities with different lifestyles and in migrants suggest
that 70–80% of colorectal cancers may owe their appearance to “environ-
mental” factors including cultural, social, and lifestyle practices.2 There has
been an ongoing debate as to whether an increased intake of dietary fiber is
inversely related to decreased colon cancer risk. While a number of prospect-
ive studies failed to establish a link between fiber intake and colon cancer
incidents,3–5 some recent studies showed an inverse correlation between
them. In the EPIC study,6 which followed up 519,978 participants for can-
cer incidence, participants were categorized into five groups with regard to
their consumption of fiber per day. The adjusted relative risk of incidence
of large bowel cancer for the highest versus the lowest quintile of fiber from
food intake was 0.58 (95%CI: 0.41–0.85) and the protective effect was greatest
for the left side colon and least for the rectum. Another study showed that in
patients, who had colorectal adenoma removed prior to the study, a low fat,
high fiber diet rich in fruit and vegetables lowered the adenoma recurrence in
males that did not use nonsteroidal anti-inflammatory drugs.7 Jacobs et al.8

also found a gender-related effect of dietary fiber when analyzing data from
two large clinical intervention trials, the Wheat Bran Trial and the Polyp Pre-
vention Trial. Men benefited clearly from a high intake of dietary fiber with
statistically significantly reduced odds of adenoma recurrence, with a ratio
of 0.81 (95% CI: 0.67–0.98), whereas such an effect could not be observed for
women.
It is still not clear, which compounds are involved in the chemopreventive

effects of dietary fiber. An analysis of a cohort of 39,876 healthy women from
the Women’s Health Study could not associate the total intake of fiber with
reduced risk for colorectal cancer, but showed that higher intake of legume
fiber was associated with a lower risk of colorectal cancer with a relative
risk for the highest versus slowest quintile of 0.60 (95% CI = 0.40–0.91, p for
trend= 0.02).9 Apart from a very high percentage of total fiber on dry weight
legumes also contain considerable amounts of resistant starch (RS)10 and
a bifidogenic effect of certain legumes was reported in rats.11 In the EPIC
study6 the analysis of different sources of dietary fiber (from cereals, veget-
ables, legumes, and fruits) did not reveal a significant association between
the source of fiber and colon cancer incidence. However, there was a trend for
a reduced hazard ratio in the highest quintile of intake especially for cereals
(0.78, p for trend= .060)which are a rich source of fermentable carbohydrates.
Additionally, it was shown that whole grain cereals had a prebiotic effect in
healthy volunteers.12
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In Vivo Carcinogenesis Studies in Animal Models

Themost extensivedata regardingbeneficial effects of prebiotics against colon
cancer exist in studies of animal models of tumorigenesis, either through
chemically inducedmutagenesis or in transgenic animals. The differentmod-
els are explained indetail inChapter 14. In this chapterwe address the issue of
the effect of different prebiotics on the development of pre-neoplastic lesions
and tumors.

Inulin-Like Fructans and Reduction of Colon Carcinogenesis in
Animal Models

Inulin and oligofructose are extensively studied in relation to tumor preven-
tion, probably because these prebiotics are highly abundant in the human
diet since 2–12 g13 of the daily consumed 16–43 g of dietary fiber14 consists of
inulin and oligofructose, in otherwords between 10%and 30%of dietary fiber
are inulin-type fructans. Altogether, 15 different studies have been published
to assess the impact of fructans on chemically (azoxymethane [AOM] or 1,2-
dimethylhydrazine [DMH]) induced carcinogenesis in the colon, two in the
colon of mice and 13 in the colon of rats (Table 15.1), and a further six studies
were carried out in a transgenic APCmin mouse model (Table 15.2). In the 15
studies of chemically induced cancer models there are a total of 38 experi-
mental groups, which received oligofructose or inulin supplementation. The
individual treatment groups were designed to assess the relative effects of
different concentrations of inulin-type fructans and different chain lengths,
the impact at different stages of colon carcinogenesis as well as the combin-
ation with high risk (high fat) diets. The measured endpoints were either
aberrant crypt foci (ACF) or tumors in 31 and 7 treatment groups, respect-
ively. One study measured ACF in two treatment groups after 9 weeks and
assessed ACF and tumors in two similar feeding groups after 32 weeks of
AOM induction.15 All treatment groups assessing tumors showed a signi-
ficant reduction of tumor incidence (number of tumor bearing animals) as
well as a significant decrease of tumors per animals in the large intestine.15–17

Furthermore, there was a significant reduction in the total number of ACF
in 25 out of 31 treatment groups. However, in six treatment groups the total
number ofACFwas similar to the control group, while in four of those groups
ACF multiplicity was significantly increased as compared to controls. In one
study, the failure of oligofructose to decrease ACF might be due to the low
amount of the prebiotic (2%) in the diet, although this concentration was
sufficient to decrease the number of ACF when fed as synbiotic in combina-
tion with bifidobacteria.18 In another study, the small decrease of numbers of
ACF observed with 5% inulin in the rats on low fat diet was not significant,
however, in rats fed a high fat diet (CO25) 5% inulin significantly reduced
(by 48%) the number of AOM-induced ACF.19 In one of the other two stud-
ies, which both reported an increase in large ACF after intervention with
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inulin-like fructans, only short-chain inulin (Raftilose) showed detrimental
effects at a high concentration while long-chain inulin was beneficial.20 The
authors discussed that intervention with 15% Raftilose, at the same time as
DMH treatment, caused more severe and longer lasting diarrhea in the rats,
leaving the colon more sensitive to carcinogen exposure and/or the fruct-
ans less effective. Another experimental group of rats in the same study that
received a 3 week pretreatment with 15% Raftilose andwas allowed to adjust
to the diarrhea-inducing effect of short-chain inulin-animals suffered from
diarrhea 3–5 weeks from the start of feeding 15% Raftilose-showed a sim-
ilar, significant ACF reducing effect as rats fed with 15% long-chain inulin,
which only suffered from diarrhea 1–2 weeks. Jacobson et al.15 reported an
increase in medium (4–6 crypts/ACF) and large ACF (7 crypts/ACF) after
feeding of 15% oligofructose or inulin in combination with a high fat diet
at 9 and 32 weeks after AOM induction. On the contrary, they observed a
significant reduction in tumor incidence after 32 weeks of feeding of oligo-
fructose and significantly lower number of tumors per rats with oligofructose
or inulin supplementation. The authors therefore concluded that ACF were
not a reliablemarker of the subsequent tumor development in the rat colon. A
similar discrepancy between ACF and tumor development after intervention
with inulin was reported by Caderni et al.21 and the probable reasons for this
difference will be discussed in more detail in the section on Mechanisms of
Prevention of Colon Carcinogenesis.
While Jacobsen et al.15 also found a higher effect for oligofructose-only

oligofructose significanctly reduced tumor incidence-other studies observed
that the degree of inhibition of preneoplastic lesions was more pronounced
with long-chain inulin than with short-chain oligofructose.20,22,23 In order to
elucidate the influence of the chain length of inulin-like fructans on the devel-
opment of preneoplastic lesions, F344 ratswere fed control diet, maltodextrin,
and5 linearbeta-fructanswith adifferentdegreeofpolymerization (DP).Con-
sumption of the inulin-like fructans with different chain lengths RaftiloseP95
(DP 2–7, average DP 4), RaftilineST (DP 3–65, average DP 10), RaftilineHP
(DP 12–65, average DP 25), a 1:1 mixture of P95 and HP (RaftiloseSynergy1),
and a 1:2mixture of P95 andHP reducedAOM-inducedACFby 24.8%, 29.6%,
46.3%, 52.0%, and 63.8%, respectively.24 The data suggest that fructans with a
higher DP were more effective in the inhibition of carcinogen-induced tumor
development. However, mixturesproved tobe themost effective. The authors
suggested that modification of the intestinal flora by the short-chain fraction
and subsequent maintenance of the metabolism of the modified microflora
throughout the colon by the long-chain fraction could be a possible explan-
ation for the observation that the highest reduction of ACF, both in number
and multiplicity, was seen with the 1:2 mixture of short- and long-chain
inulin.
Apart from chemically induced colon carcinogenesis genetically pre-

determined mouse models (APCmin mice) develop tumors spontaneously in
the small intestine and to a lesser extent in the colon and represent there-
fore another carcinogenesis model to study the influence of prebiotics on
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the gut. Results for intervention with inulin-like fructans in this model are
more inconsistent than the results obtained with AOM- or DMH-treated
animals. Two studies observed a tumor-reducing effect of fructans while
four studies, among them three studies from the same group, found no
effects or even tumor-enhancing effects. Pierre et al.25 reported that feeding
of 5.8% short-chain fructo-oligosaccharides (scFOS) from day 42 to 49 after
birth reduced the number of animals bearing tumors in the colon (6/10 for
scFOS compared to 10/10 for controls) and significantly decreased the num-
ber of total and small tumors (total: 0.7 versus 2.1; small: 0.2 versus 1.4 for
scFOS and controls, respectively) in the large intestine of C57BL/6J-Min/+
mice. However, intervention with fructooligosaccharides neither influenced
the number of tumors in the small intestine (46.7 versus 50.3 for scFOS and
controls, respectively) nor the percentage of animals bearing tumors in the
small intestine (10/10 for scFOS compared to 10/10 for controls). Similar
results were observed after supplementation of the diet with oligofructose-
enriched inulin26 which decreased the number of tumors in the colon by
33% and reduced the total tumor volume per mouse by 73%. The number of
tumors in the small intestine was also 32% lower compared to control diet.
Opposed to this, Mutanen et al.27 did not observe a beneficial effect in the
colon after intervention with 2.5% inulin added to a high fat diet (AIN93-G)
as the number of tumors in colon and cecum did not differ from the control
group and tumor incidence was even higher (inulin 100%, AIN93-G 88%).
They also reported an increased number of adenomas in the distal part of
the small intestine. This difference was significant when compared to the
group that was fed rye bran, but did not reach significance when compared
to the control group. However, the number of tumorswith the inulin diet was
nearly as high as those in the small intestine of animals fed a beef diet which
showed a significant increase of tumors compared to control AIN93-G diet.
Interestingly, Kettunen et al.28 found a significant decrease of adenomas in
the small intestine of C57BL/6J-Min/+ mice after feeding a beef diet com-
pared to control while inulin showed no effects on the number of tumors
in the small intestine in this experiment. In two follow-up studies with an
inulin concentration of 10% the group of Mutanen showed that the tumor-
promoting effects of inulin in the small intestine of C57BL/6J-Min/+ mice,
which especially increased the size of the adenomas (44%),29 was associated
with a cytosolic accumulation of β-catenin in the tumor tissue,29 an increased
cyclin D1 level in the cytosol, nuclear translocation of β-catenin, and reduced
E-cadherin in the membranes of normal-appearing mucosa in inulin-fed
Min mice.30

The different outcomes of the studies are not immediately explainable.
A major difference is that inulin acted protective in the colon25 while no
effects25,28 or detrimental effects27,29,30 were mainly observed in the small
intestine. While Mutanen et al.27 also reported a higher tumor incidence for
inulin in colon and cecum, this increase was not significant compared to
control diet and the concentration of inulin was relatively low (2.5%). It is
thought that the tumor-protective effects of inulin are mediated through its
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fermentation in the colon either by the fermentation products or by select-
ively enhancing the growthof beneficial bacteria. Data fromhuman ileostomy
patients prove that only a small amount of oligofructose and inulin is diges-
ted in the small intestine and that 88% inulin and 89% oligofructose reach the
colon intact.31 Molis et al.32 reported a recovery of 89% ± 8.3% of ingested
fructooligosaccharides at the terminal end of the small intestine and showed
that the remaining fructooligosaccharides were then completely fermented
in the large intestine. This fact could explain the failure of inulin to protect
against the carcinogenesis in the small intestine. However, as none of the
studies conducted in Min mice investigated markers of fermentation further
experiments are necessary to corroborate this hypothesis.

Resistant Starch and Reduction of Colon Carcinogenesis in Animal Models

Even though there is so far only one human study to prove the prebiotic effect
of resistant starch (RS) type 333, resistant starch should still be included in this
reviewbased additionally on available animal data. Anumber of animal stud-
ies in rats, mice, andpigs demonstrated a significant increase in bifidobacteria
and lactobacilli34–38 after ingestion of RS and interventionwith a high-RS diet
in humans significantly increased the production of short chain fatty acids
(SCFA) which is a marker for the influence of RS on the microflora.39 The
data concerning the chemopreventive effects of RS in animal models are very
contradictory. While the epidemiological data suggested an inverse relation
between RS consumption and colorectal cancer40 some animal studies repor-
ted tumor-enhancing effects. Feeding 20% raw potato starch (RS type 2) to
DMH-treated rats significantly enhanced epithelial proliferation, ACF dens-
ity and tumor formation compared to a standard diet.41 In another study,
which studied the effects of combinations of different fibers (soy fiber, α-
cellulose, RS) and sunflower seed or fish oil in AOM-treated Sprague-Dawley
rats, rats fed the combination of RS and sunflower seed oil showed the highest
count of ACF.42 However, all of the tested fiber sources are believed to be pro-
tective and no control diet, which did not contain specific fibers, was fed. This
makes it difficult to classify the results. The supplementation of a western-
style diet with an 1:1 mixture of raw potato starch and high amylose maize
starch (250 g/kg) resulted in a significantly increased number of tumors in the
small intestine of Apc+/Apc1638N mice compared to a mice fed a western-
style diet only.43 But a similar tumor-enhancing effect was observed in an
APC-mutated transgenic mouse model after intervention with inulin,27 con-
trary to the fact that the majority of animal studies showed chemopreventive
properties for inulin.
While a few other studies did not find an adverse effect of RS in animal

models of colon carcinogenesis they did not show a chemopreventive effect
either. One study compared the effects of 3% cellulose, 10% cellulose, 3% RS
type 2, and 10% RS type 2 in male Sprague-Dawley rats which were injected
with DMH on a weekly basis for 20 weeks. Only 10% cellulose significantly
decreased the volume of cancer tissue from 247 ± 83mm3 (control group) to
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109 ± 54 mm3, while the other treatments had no effect despite RS increas-
ing butyrate.44 Maziere et al.45 found no effect of high amylose maize starch
(RS type 2) on initiation of preneoplastic lesions as feeding 25% RS over 4
weeks did not decrease the number of ACF compared to control in DMH-
induced Sprague-Dawley rats. However, in a longer-term feeding study of 12
weeks the same group46 showed a significant protective effect of RS in DMH-
treated rats, which was primarily due to a decrease in small ACF. Perrin
et al.47 showed that rats fed butyrate-producing fiber diets, including RS
type 3 (retrograde high amylose corn starch), before and after administration
of AOM had a significantly lower amount of ACF in the colon but multi-
plicity of ACF was not changed by the diet. Similar effects were observed
by Nakanishi et al.48 in AOM-treated F344 rats. A diet containing 20% high
amylose maize starch decreased the number of ACF from 94.0 ± 35.1 in the
control group to 69.1 ± 31.3 in RS group. While this decrease was not sig-
nificant, maybe due to the small number of animals per group (n = 8), the
feeding of a synbiotic combination of RS and Clostridium butyricum signific-
antly lowered the number of ACF (53.9±28.2)when compared to the control
group. Intervention with Clostridium butyricum alone had no effect (number
of ACF 103.0± 34.0) and crypt multiplicity did not differ between all groups.
A recent study49 also demonstrated a protective effect for RS. From 8 DMH-
treated Sprague-Dawley rats thatwere fed 10%RS type 3 (Novelose 330) none
developed tumors while in the group fed a control diet 6 out of 12 animals
developed tumors with an average of 1.2 ± 0.4 tumors per tumor bearing
animal.
Conflicting results of the presented studies might be due to several factors.

It seems that RS type 3 had a higher chemopreventive effect than RS type 2.
However, Thorup et al.50 demonstrated a significant reduction of ACF after
feeding RS type 2 (raw potato starch), but the decrease could also be due
to a significant lower caloric intake in this feeding group compared to the
other three groups. The studies also differ in length of the study period
and measured endpoint, either ACF or tumors, and these differences might
be responsible for the different outcomes of the studies (see the section on
Mechanisms of Prevention of Colon Carcinogenesis).

Reduction of Colon Carcinogenesis in Animal Models by Further Prebiotics

Among the known prebiotics, only a few others than fructans and RS were
studied for their ability to prevent colon cancer in animal models.
Three animal studies showed that lactulose which is known to lower the

pH in the feceswas protective in the bowel. Feeding of 7.5mL lactulose syrup
per 100 g diet significantly reduced the number of DMH-induced tumors in
the colon (DMH 3.5 ± 0.4 compared to lactulose 2.4 ± 0.2 tumors/rat), small
bowel tumors were not effected.51 However, in another study intervention
with lactulose in AOM-treated Wistar rats resulted only in a reduced tumor
yield in the small intestine but not in the colon.52 In the third study53 either
2.5% lactulose, Bifidobacterium longum (108 cfu/g diet), or a combination of
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both were added to a diet of AOM-treated F344 rats. Both lactulose and B.
longum reduced the number of ACF in the colon, with 145 ± 11 ACF/colon
and 143 ± 9 ACF/colon compared to 187±9 ACF/colon (basal diet), respect-
ively. The synbiotic combination had an even higher antitumorigenic effect
by lowering the number of ACF to 97 ± 11 ACF/colon.
A chemopreventive effect in animal tumor models was also proven for

galactooligosaccharides (GOS). In a diet with low, medium, and high fat
content the addition of 27% GOS significantly reduced the multiplicity of
adenomas and carcinomas in DMH-treated Wistar rats when compared to
rats fed either 9% cellulose, 24% cellulose, or 9% GOS.54 A follow-up study
by the same group showed that the incidence of AOM-induced tumors was
reduced after ingestion of 20% GOS in F344 rats compared to rats given 5%
GOS and that aberrant crypt multiplicity after 13 weeks was a good indicator
of tumordevelopment, while the inductionofACFbyAOM,proliferation rate
and apoptotic index of adenomas, and size and multiplicity of tumors were
not influenced by the diet.55 However, intervention with naturally occurring
GOS in soy bean syrup in combination with 108 cfu bifidobacteria failed to
significantly reduce the number of ACF/cm2 colon in DMH-treated Wistar
rats. Despite an unchanged induction of ACF the colonic mucosa prolifera-
tionwas significantly lower in the group given soybean oligosaccharides. But
in this experiment the amount of soybean oligosaccharides fed to the rats was
low (2%) and of those 2% only 18% were stachyose and 6% raffinose, that is,
carbohydrates with a proven prebiotic effect.56

For xylooligosaccharides and arabinoxylan only one experiment for each
prebiotic exists investigating their antitumorigenic properties. Therefore it
is difficult to evaluate their potential to reduce colon cancer incidence. The
feeding of 6% xylooligosaccharides reduced the number of large ACF (≥ 4
crypts/ACF) in the distal colon from 2.80 ± 1.04 ACF/rat to 0.30 ± 0.15
ACF/rat, and thus showed greater antitumorigenic effects than fructooli-
gosaccharides (0.60±0.27ACF/rat) inDMH-inducedSprague-Dawley rats.57

Synbiotic intervention of 2%wheat bran oligosaccharides (arabinoxylan) and
108 cfu bifidobacteria significantly reduced aberrant crypts/cm2 in the colon
of DMH-treated Wistar rats.56 But the effect of the wheat bran oligosacchar-
ides remains uncertain, even when it was shown that bifidobacteria alone
had no effect because no groupwas fed oligosaccharides alone. Furthermore,
a second experimental series was unable to show an ACF reducing effect for
wheat bran oligosaccharides and 108 cfu bifidobacteria. Further experiments
are necessary to confirm an antitumorigenic effect for xylooligosaccharides
and arabinoxylan.

Reduction of Colon Carcinogenesis in Animal Models by Synbiotics

The highest effects on tumor developmentwere achievedwhen fructanswere
administered in combinationwithprobiotics, that is, as a synbiotic. One study
showed that the combination of bifidobacteria and the fructooligosaccharide
Neosugar significantly decreased preneoplastic lesions in carcinogen treated
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CF1 mice.58 However, as there was no intervention with the single com-
ponents a comparison regarding a synergistic effect is impossible. Rowland
et al.,59 however, demonstrated a synergistic effect for the combination of
Bifidobacterium longum and inulin on the occurrence of small neoplastic lesions
(1–3 crypts/ACF) in AOM-treated rats. While Bifidobacterium longum and
inulin alone reduced ACF by 26% and 41%, respectively, the effect of their
combination was 80%, and thus more pronounced than addition of the
effects of the single components. In a similar manner, a combination of
bifidobacteria and oligofructose significantly reduced the number of DMH-
induced ACF in five out of six experiments while the single components
did not show a significant beneficial effect.56 Femia et al.16 also found a
more pronounced reduction of colon tumors after interventionwith amixture
of oligofructose-enriched inulin and probiotics Bifidobacteria lactis Bb12 and
Lactobacillus rhamnosusGG thanwith the prebiotics or probiotics alone. How-
ever, the observed effect of the synbiotic was additive, and not synergistic.
An additive, tumor-preventive effect was also demonstrated for a synbiotic
combination of 2.5% lactulose and Bifidobacterium longum (108 cfu/g diet) in
AOM-treated F344 rats.53 While lactulose reduced the number of ACF in the
colon by 23% and B. longum by 24%, the synbiotic combination lowered the
number of ACF by 48%. The number of aberrant crypts/cm2 in the colon of
DMH-treated Wistar rats was significantly decreased after synbiotic inter-
vention with 2% wheat bran oligosaccharides (arabinoxylan) and 108 cfu
bifidobacteria. Bifidobacteria alone had no effect in this study.56

Similar effects were observed by Nakanishi et al.48 after intervention with
a combination of 20% high amylosemaize starch andClostridium butyricum in
AOM-treated F344 rats. While intervention with Clostridium butyricum alone
had no effect and the observed reduction of ACF with the RS was not sig-
nificant, the feeding of the synbiotic combination significantly lowered the
number of ACF by 43% when compared to the control group. In conclusion,
these data suggest that a synbiotic combination might be the most successful
approach in future chemoprevention of colon cancer with regard to the use
of prebiotics.

Mechanisms of Prevention of Colon Carcinogenesis

The cascade of events that leads to chemoprevention seems similar for
all prebiotics. First, prebiotics are nondigestible carbohydrates that are
fermented by the microbiota in the large intestine. Fermentation of pre-
biotics produces SCFA and gases and leads to an increase of bacterial
biomass in colon and cecum. Beside the laxative effects of some prebi-
otics such as lactulose this is associated with higher stool frequency and
shorter transit times. Production of SCFA results in a lower pH. In che-
moprevention studies with chemically induced colon carcinogenesis models
an increase of cecum contents weight and a reduction of cecal pH were
reported for inulin-like fructans,15,57−60 RS,45,46,48 xylooligosaccharides57
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and GOS.54 Lactulose supplementation induced a decrease of stool pH51

and cecal pH.53 In the later lactulose study there was a positive correl-
ation between higher cecal pH and number of ACF53 indicating that an
increase in SCFA may play an important role in chemoprevention. Higher
concentrations of acetate, propionate and butyrate have been reported
in the cecum of carcinogen-treated rats after feeding prebiotics.16,20,48,55

Particularly, butyrate is thought to be implemented in mechanisms of
tumor prevention since it has been shown that butyrate induced differ-
entiation and suppressed growth in colon cancer cells in vitro.61,62 The
effects of SCFA in vitro are discussed in more detail in the section on
“In vitro Studies of Effects of Prebiotics and Their Fermentation Products on
Epithelial Colon Cancer Cells.” In vivo, butyrate did not retard tumor growth
in animals treated with the colon carcinogen AOM in an earlier study,63

however, a more recent study observed a significantly higher suppression
of AOM-induced aberrant crypts in rats infused 5 times daily with 1mL of 80
mM butyrate compared to rats infused with 0.9% saline.64 Similarly, dietary
fibers which are fermented to yield high amounts of butyrate have been asso-
ciatedwith ahigher efficacyof protecting fromAOM-induced colon tumors in
animals.47,65–67 Inparticular, the in vivo studybyPerrin needs to bementioned
in this context, since it demonstrated that only RS and fructooligosaccharides
which promoted a stable butyrate-producing colonic ecosystem decreased
the rate of ACF in rats,47 therefore adding on to the line of evidence
that a stable butyrate-producing colonic ecosystem, as related to selected
fibers, including (inulin-type fructans) reduces risks of developing colon
cancer.
Second, there is a dose-dependent effect. This was best demonstrated for

long-chain inulin.60 Feeding 2.5, 5.0, and 10.0 g long-chain inulin per 100 g
diet toAOM-treated F344 rats resulted in a relative decrease of ACF incidence
of 25%, 51%, and 65% when compared to ACF incidence in rats given a
control diet. This reduction was accompanied by a significant increase in
cecal weight and a decrease of cecal pH of 6.87, 6.61, and 5.76 for 2.5, 5.0,
and 10.0 g inulin, respectively, compared to pH 7.17 for the control group.
In a similar mode a reduction of crypt multiplicity was only observed for a
high concentration (27%) but not with a low concentration (9%) of GOS.54

Poulsen et al.20 showed that Raftiline (long-chain inulin with a DP ≥ 23)
significantly reduced the number of total and small ACFwith 116.6±18.9 for
5% Raftiline and 85.3±10.2 for 15% Raftiline compared to 144.2±16.3 for the
DMHcontrol group (total numberofACF/colonafter 10weeks); however, the
decrease of ACF numbers between 5% Raftiline and 15% was not significant.
In the same experiment Raftilose (short-chain oligofructose DP 2–8) showed
a dose-related effect but contrary to Raftiline an increased concentration of
Raftilosewasdetrimental by especially increasing the number ofmediumand
large ACF in DMH-treated F344 rats that were fed 15% Raftilose. The authors
discussed the detrimental effect on the basis that supplementation with 15%
Raftilose resulted in more severe and longer-lasting diarrhea in this group,
rendering the colon more sensitive during administration of the carcinogen
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and/or the fructans less effective. A concentration of 5% Raftilose in the diet
did not change the number of ACF compared to control.
The dose dependency might explain why studies with low concentrations

of prebiotics in the diet failed to show consistent beneficial effects.56

Third, prebiotics seem to execute their chemoprotective action mainly in
the promotion phase of colon carcinogenesis. Verghese et al.17 investigated
the effect of long-chain inulin (average DP = 40) in different phases of colon
carcinogenesis inF344 rats treatedwithaweekly injectionofAOMfor twosuc-
cessiveweeks. The initiationgroup (I) of 20male rats received10% inulin from
3weeks prior to the first injection to 1week after the second injection of AOM
(5 weeks in total), the promotion group (P) received inulin for 34 weeks start-
ing 2 weeks after the second injection of AOM, a third group received inulin
for a total of 41weeks through out initiation and promotion phase (I+P) and a
control groupof 10 rats did not receive inulin at all. The tumor incidence in the
small intestine and the colon of rats for control, I, P, and I+P were 78%, 31%,
0%and 11%, and 90%, 73%, 69%and 50%, respectively. The number of tumors
per tumor-bearing animal was 4.2, 3.1, 1.4, and 1.2 for control, I, P, and I+P
groups, respectively. Based on these results, the authors concluded that diet-
ary inulin suppressed AOM-induced formation of tumors especially in the
promotion phase. Similar results were observed for GOS byWijnands et al.55.
F344 rats were fed either a low (5%) or a high (20%) concentration of GOS
and were treated with two injections of AOM in the second and third week
of the experiment. After 7 weeks (i.e., 4 weeks after the second AOM injec-
tion) one group of animals was switched from a high GOS diet to a low GOS
diet (initiation group, I), another group was switched from low GOS diet to a
high GOS diet (promotion group, P), while two other groups either retained
a high GOS (initiation + promotion group, I+P) or a low GOS diet (control
group). Tumor incidence was significantly lower in the combined P and I+P
groups (69.2% tumor-bearing animals) compared to the combined I and con-
trol groups (83.6% tumor-bearing animals). Feedingof a highGOSdiet during
the initiation phase did not decrease the number of ACF compared to control
and multiplicity of ACF (number of crypts per focus) in this group was even
higher than in controls, leading to the conclusion that a highGOS diet exerted
a protective effect during the promotion rather than the initiation phase.
While a long-term feeding study of 12 weeks showed a significant pro-

tective effect of RS in DMH-treated rats46 the same group45 found no effect
on initiation of preneoplastic lesions in a feeding trial with 25% high amylose
maize starch (RS type 3) over 4 weeks.
Another study,21 which investigated the effects of a synbiotic combina-

tion of 10% Synergy1 (a 1:1 mixture of long- and short-chain inulin) and the
probiotic bacteria Lactobacillus rhamnosus GG and Bifidobacterium lactis Bb12
on the induction of ACF and the development of tumors in AOM-induced
rats, showed that feeding of synbiotics did not decrease the number of ACF
and even significantly increased ACFmultiplicity after 16 weeks feeding. On
the contrary, after 32 weeks synbiotics significantly reduced the number of
tumors. Similar results were observed by Jacobsen et al.15 who showed that
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the total number of ACF did not change after intervention with oligofructose
or inulin after 9 and 32 weeks and that the number of medium and large ACF
even increased. However, tumor incidencewas significantly decreased in this
study after 32 weeks by inulin and oligofructose. The discrepancy between
tumor and ACF data could be explained by the fact that only a small num-
ber of ACF develop into tumors. It was observed that a small proportion of
preneoplastic lesions which are characterized by a depletion of mucins and
advanced dysplasia were a good indicator of tumor development.21 Feeding
of synbiotics significantly suppressed induction of these mucin-depleted foci
(MDF). It seems that while prebiotics/synbiotics did not effect the initiation
of early preneoplastic lesions (ACF) they can suppress the progress to MDF
and tumors, that is, interfere during promotion. The authors question the
suitability of ACF in chemoprevention studies in colon carcinogenesis. The
use of ACF as a marker of chemoprevention might be especially unsuitable
when the chemoprotective agent in question exerts its effects in the promo-
tion phase. Several other publications point out the discrepancy between
ACF and tumor incidence.55,68−70 This discrepancy might explain why some
of the shorter studies failed to find a chemopreventive effect or even found
a “tumor-enhancing” effect for prebiotics as these seem to act mainly in the
promotion phase.

Apoptosis and Proliferation

One of the mechanisms by which prebiotics might influence the progression
of tumor development is the induction of apoptosis in neoplastic cells. In
order to study the impact of prebiotics on apoptosis, often the acute apoptotic
response to a genotoxic carcinogen is measured. For this method, the rats are
fed the experimental diet for several weeks before they are given a genotoxic
carcinogen. The rats are killed shortly after administration of the carcinogen
(6 or 24 h) and the apoptotic index, for example, the number of apoptotic
cells per crypt, is evaluated. In one study71 following ingestion of either 5%
oligofructose, 5% inulin, or a basal diet for 3 weeks male Sprague-Dawley
rats were administered DMH (20 mg/kg body weight) by stomach gavage
and killed 24 h later. The apoptotic index was significantly higher in rats fed
oligofructose (p = .049) and long-chain inulin (p = .017) compared to those
given basal diet and induction of apoptosiswas higher in the distal than in the
proximal colon. Thismeans that the prebiotic-fed ratsmore efficiently elimin-
ate cells that accumulate DNAdamage. Long-chain inulin seemed to bemore
effective than oligofructose. A clear dose-related effect on the acute apoptotic
response to a genotoxic carcinogen was found for high amylose cornstarch
(RS type 2).72 Male Sprague-Dawley ratswere fed either a control diet or a diet
supplemented with 10%, 20%, or 30% high amylose cornstarch for a period
of 4 weeks. At the end of that period, rats were given a single intraperitoneal
injection of AOM (10 mg/kg body weight) and killed 6 h later to remove the
colon and evaluate the apoptotic response. While a concentration of 10% RS
did not significantly affect the apoptotic response, concentrations of 20% and
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30% RS in the diet significantly increased the numbers of apoptotic cells in
the distal colon after induction of DNA damage by AOM as compared to a
control diet. However, in a follow-up study even the moderate concentration
of 10% high amylose maize starch induced a significantly higher acute apop-
totic response to AOM when fed together with Bifidobacterium lactis (1 × 108

cfu/g diet) as a synbiotic for a period of 4 weeks.38 Neither 10% RS nor B.
lactis alone induced an increased response.
In accordance with these data, Bauer-Marinovic et al.49 found that the

suppression of tumors after supplementation with 10% RS type 3 in DMH-
induced Sprague-Dawley rats after a 20-week period was associated with
increased apoptosis at the luminal site of the crypts. The authors also repor-
ted that the RS fed rats had fewer Ki-67 (a marker of mitosis) positive cells
in the distal colon and that this lower proliferation was reflected by a signi-
ficantly decreased proliferative zone and reduced crypt length compared to
rats fed the control diet. On the contrary, in a study by Femia et al.16 only
the rats receiving probiotic bacteria (Lactobacillus rhamnosusGG and Bifidobac-
terium lactisBb12)hadahigher apoptotic index compared to the control group,
but not the rats receiving 10% oligofructose enriched inulin or the synbiotic
combination of L. rhamnosusGG and B. lactis Bb12 and oligofructose enriched
inulin. The increase in the probiotic groupwas due to an increase of apoptotic
cells in the lower third of the crypt. However, the apoptotic index in the upper
(luminal) third of the crypt tended to be higher for all three experimental diets
as compared to control (probiotic: 0.33±0.25, prebiotic: 0.35±0.27, synbiotic:
0.36± 0.25, control: 0.22± 0.25), but these differences did not attain signific-
ance. One of reasons for the different outcome on apoptosis might be that in
the latter study apoptosis was measured a long time (31 weeks) after admin-
istration of AOM instead of 20 weeks49 or even immediately after treatment
with a carcinogen.71,72 This is consistent with the hypothesis that apoptosis
removes cells after acute DNAdamage. In healthy pigs, that is, without treat-
ment with a carcinogen, increased butyrate formation in the colon by feeding
RS type 2 resulted in reduction of colonocyte apoptosis at the luminal end of
the crypts.73

Itwas also suggested thatprebiotics inhibit hyperplastic growthbydecreas-
ing the proliferation rate in colon mucosa. So far there is little evidence from
animal studies to confirm this hypothesis. On the contrary, Jacobsen et al.15

reported that rats fedeither sucrose, oligofructose, or inulinhadasignificantly
higher number of proliferating cell nuclear antigen (PCNA) positive cells in
the proximal colon; however, the number of cells per crypt was decreased
in the proximal colon of rats fed oligofructose and inulin. There was no diet-
relateddifference in cell proliferation in thedistal colon. Similarly, ingestionof
RS increasedmucosal proliferation only in the proximal colon of Italian flora-
associated rats but had no effect in the distal colon.34 Perrin et al.47 found that
although RS and fructooligosaccharides had a trophic effect leading to longer
large intestine and cecum, the number of PCNA positive cells and the height
of theproliferative zonedidnot differ compared to controls. Therewas alsono
difference in colon mucosa proliferation between rats fed either low or high
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galactooligosaccharide diets.54,55 On the other hand, Poulson et al.20 showed
that feeding 15% oligofructose or inulin for 10 weeks significantly decreased
the proximal colon labeling index of the bottom and the middle third of the
crypt aswell as the entire crypt. However, the labeling index in thedistal colon
did not change. Femia et al.16 found a significantly reduced number of PCNA
labeled cells per crypt in rats fed oligofructose-enriched inulin. Rats fed with
either probiotics or synbiotics in the same study showed also a slightly lower
proliferation but this decrease was not significant. While intervention with
RS did not affect proliferation in the proximal colon in their study Bauer-
Marinovic et al.49 showed that there were significantly fewer Ki-67 positive
cells in the distal colon accompanied by a significantly reduced proliferation
zone and crypt length compared to the standard group. In a study by Gal-
laher and Khil56 only the synbiotic combination of bifidobacteria and soy
bean oligosaccharides significantly decreased proliferation in the distal colon
while bifidobacteria alone, bifidobacteria plus oligofructose and bifidobac-
teria plus wheat bran oligosaccharides were not effective. The conflicting
data do not rule out inhibition of proliferation as an important mechanism
involved in chemoprevention by prebiotics. Fermentation products, espe-
cially butyrate, act only inhibitory on growth of cells with an already altered
(dysplastic) phenotype and only higher concentrations might also affect the
healthy mucosa hence making it difficult to measure the impact of growth
inhibitionwhen studying thewholemucosa even in carcinogen-induced rats.

Modulation of Immune Response

The effect of prebiotics to change the microflora composition by enhancing
the growth of beneficial bacteria such bifidobacteria and lactobacilli in the
gut is thought to have an influence on the immune system. Several probi-
otic Lactobacillus and Bifidobacterium strains have been reported to modulate
immune response.74 Stimulation of the immune defense toward tumor cells is
seen as one importantmechanism in chemoprevention and it has been shown
that intrapleural injection of L. casei Shirota induced production of cytokines
interferon-γ, interleukin-1β, and tumor necrosis factor-α which inhibited
tumor growth and increased survival in mice.75 Some animal carcinogen-
esis studies with fructooligosaccharides suggested the involvement of the
gut-associated lymphoid tissue in cancer prevention.23,25,76 In particular, one
study by Pierre et al.76 demonstrated that the observed suppression of tumor
development in fructooligosaccharide fedMinmice could not be seen in their
immunodepleted counterparts. The induction of IL-15 and IL-15 receptor
specifically has been associated with stimulation of the immune system by
scFOS in APC+/Min mice.77,78 Furthermore, Roller et al.79 demonstrated
that dietary supplementation with oligofructose-enriched inulin and with
the synbiotic combination of oligofructose-enriched inulin, Lactobacillus rham-
nosus GG and Bifidobacterium lactis Bb12 prevented the reduction of natural
killer cell-like activity in AOM-treated rats and stimulated IL-10 production.
While these effects could not be found in human high-risk individuals (colon
cancer patients and polypectomized individuals) given the same synbiotic
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combination, other changes in the immune function such as prevention of an
increased secretion of IL-2 by peripheral blood mononuclear cells (PBMC) in
the polyp group and an increased production of IFN-γ in the cancer group
were observed after synbiotic consumption.80

These studies are an indicator for the involvement of the immune response
in the antitumorigenic activities of prebiotics; however, the mechanisms still
have to be elucidated.

Reduction of Enzyme Activity

Bacteria of the gut microflora possess a variety of enzymes that can meta-
bolize exogenous and endogenous compounds. Different bacterial enzymes
such as azoreductase, nitroreductase, or β-glucuronidase have been associ-
ated with colon cancer. These enzymes are involved in the transformation
of procarcinogens into carcinogens. It has been shown that β-glucuronidase
which had been reported highest in Escherichia coli and Clostridium and low-
est in Lactobacillus and Bifidobacterium can hydrolyze glucuronides to potent
mutagenic aglycones. Azoreductase hydrolyzes the azo bond in azo dyes,
artificial coloring additives used in the food, printing and textile industry,
and generates substituted aromatic amines including a number of estab-
lished mutagens such as N,N-dimethyl-p-phenylene diamine, benzidine,
or toluidine. Nitroreductase is also involved in the generation of aromatic
amines by reducing nitro groups and converting aromatic nitro compounds
into aromatic amines.81 The change in microflora composition by inges-
tion of prebiotics is proposed to cause a shift toward bacteria species with
lower activities of these enzymes. Nakamura et al.82 have shown that azore-
ductase, nitroreductase, and β-glucuronidase activities are high in certain
clostridia and bacteroides strains but are low or not detectable in bifidobac-
teria. Lower enzyme activities after intervention with prebiotics have been
reported for β-glucuronidase in rats34,59,83 and humans84 as well as for β-
glucosidase in humans.85 On the contrary, increased β-glucosidase activity
in feces of rats was observed after feeding fructooligosaccharides59,86, RS34,
transgalacto-oligosaccharides,83 and GOS.87 However, as bifidobacteria pos-
sess considerable β-glucosidase activity82 the bifidogenic effect of prebiotics
may account for the increase in β-glucosidase activity in rat feces. The impact
of prebiotic intervention on these enzyme activities is still not clear as several
other studies failed to show an effect.88,89

Another microbial enzyme that might be important in colon carcinogen-
esis is 7-α-dehydroxylase, which is involved in the conversion of primary
into secondary bile acids. A small number of bacterial species (∼0.0001%
of total colonic flora) which belong to the genus Clostridium are capable
of bile acid 7-α-dehydroxylation90 while 7-α-dehydroxylase activity was
not detected in Lactobacillus and Bifidobacterium strains.91 Additionally, sev-
eral probiotic bacteria express bile salt hydrolases which are thought to be
involved in the detoxification of fecal bile acids.90 Secondary bile acids,
especially deoxycholic acid (DCA), are associated with colon carcinogenesis
as DCA was shown to promote growth of preneoplastic lesions,92 induce
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cyclo-oxygenase 2 (COX-2) expression93 and cause dose-dependent induc-
tion of DNA damage.94 In pre-operation cancer patients DCA tended to be
higher and the primary bile acid cholic acid (CA) was significantly lower
than in healthy subjects and in particular the ratio between DCA and CA
in feces may be a good indicator of colon cancer.95 RS significantly inhib-
ited the formation of secondary bile acids in rats.96 In human trials, the fecal
concentration of secondary bile acids was significantly reduced by interven-
tionwith lactulose,97,98 RS,85 inulin,99 and fructo-oligosaccharides99,100 while
the concentration of primary bile acids increased.100 On the contrary, in a
number of other human studies consumption of lactulose,101 inulin,102 fructo-
oligosaccharides,88 and transgalactooligosaccharides103 failed to influence
fecal bile acid concentration.

Fecal Water Genotoxicity

Carcinogens may either arrive directly in the colon with the ingested food
or they might be formed there by the microflora as discussed above. These
carcinogens are mainly excreted with the feces; however, feces is a complex
mixture which in addition to carcinogens also contains preventive or anti-
mutagenic factors.104–106 Therefore, the examination of fecal contents is a
promising, noninvasive way to investigate the exposure of the colon mucosa
to putative risk factors during dietary intervention studies.104,107 In partic-
ular, the composition of the aqueous phase of feces (fecal water) which is
thought to be in direct contact with the colonmucosamay have crucial effects
in colon carcinogenesis. Fecalwaterwasmainly analyzed todetectDNAdam-
aging and mutagenic effects. The determination of fecal water genotoxicity
has been utilized as a biomarker to compare biological activities of luminal
contents obtained after high and low risk diets for colon cancer,105 or to assess
efficacies of probiotics106 and red meat108 to modulate excretion of bioactive
compounds. In some cases, the results convincingly showed that diets high in
fat and meat, which are associated with a higher colon cancer risk increased
fecal water genotoxicity,105 while probiotics which were chemopreventive
in animal models109 decreased the DNA-damage inducing potential of fecal
water.106 We showed in a rat study of AOM-induced colon carcinogenesis
that tumor incidence was directly related to fecal genotoxicity and that fecal
water genotoxicity was significantly reduced in tumor-free rats that were fed
either prebiotic or synbiotic.107 Hence, the reduction of the carcinogen burden
of the gut may play a pivotal role in the chemoprevention by prebiotics.

In Vitro Studies of Effects of Prebiotics and Their Fermentation
Products on Epithelial Colon Cancer Cells

Further insight into the nature of mechanisms involved in colon cancer pre-
vention were gained by the study of the effects of fermentation products,
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derived from in vitro fermentations of prebiotics under standardized con-
ditions, on colon cells in tissue culture experiments. A wide range of
publications concentrates on the modulation of proliferation, differentiation
and apoptosis by SCFA, especially by butyrate (for some recent reviews
see110−112). While butyrate induces growth arrest, differentiation, and apop-
tosis in colon cancer cells in vitro113 it is thought to increase proliferation of
colon epithelial cells in vivo. Recent experiments showed that the reported
discrepancies are due to a number of reasons. Butyrate might activate differ-
ent signal transduction pathways in transformed epithial cells and healthy
primary cells. Indeed, Comalada et al.114 demonstrated that the effect of
SCFA clearly depends on phenotype of the cells. However, these experiments
are complicated by the difficulties to cultivate primary colonocytes even for
a short period in vitro. Inagaki et al.115 used pig colonic mucosa in organ
culture to overcome the problem. The authors showed that low luminal con-
centrations of n-butyric acid (1 mM) increased proliferative activity while
higher luminal concentrations of n-butyric acid (10 mM) decreased prolifer-
ation when the serosal concentrations of butyrate were low (0 or 0.1 mM).
When the concentration of n-butyric acid on the serosal side was increased
to 1 mM or 10 mM, luminal n-butyric acid inhibited crypt cell production
rate dose-dependently. Butyrate has also been shown to induce several mem-
bers of the glutathione S-transferase enzyme family,116,117 to elevate catalase
transcription, and reduce expression of COX-2 and superoxide dismutase
2 in primary colon cells118 as well as protect human colon cells from DNA
damage.119,120 Protection against DNA damage, growth inhibition and apop-
tosis contribute to anticancer activities by inhibiting initiationandprogression
or by removing initiated cells from tissue.121,122 Cell free supernatants of in
vitro fermentations of prebioticswith probiotic bacteria in presence or absence
of fecal microflora are more likely to resemble the complex mixtures of com-
pounds deriving from fermentation of prebiotics in the colon. Several of
our studies looking at the effects of these complex mixtures on cultivated
colon carcinoma cells showed that fermentation supernatants suppress the
growth of these cells and that other factors apart from butyrate are involved
in growth inhibition.123–125 In primary colon mucosa cells, however, fer-
mentation supernatants of oligofructose-enriched inulin enhancedmetabolic
activity.126 Fermentation supernatants increased glutathione S-transferase
activity in human colon cells, modulated the expression of biotransform-
ation genes, and reduced 4-hydroxynonenal-induced DNA damage.124–126

Other markers of tumorigenesis such as impaired barrier function and inva-
sion were also influenced by fermentation products.124,127 A combination
of oligofructose-enriched inulin and Bifidobacterium lactis Bb12 fermented
together with fecal slurry significantly decreased invasive properties of HT29
cells.124 When different synbiotic combinationswere fermentedwithout fecal
slurry (pure culture fermentations) the combination of oligofructose and
Bifidobacterium lactis Bb12 showed the highest increase in transepithelial
electrical resistance-a marker for barrier function in the gut-in Caco-2 mono-
layers and had the highest protection against deoxycholic acid-induced
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damage of tight junctions, that is, fermentation productsmay prevent disrup-
tion of intestinal barrier function during damage by tumor promoters such
as DCA.127

In Vivo Colon Carcinogenesis Studies in Humans

The gold standard to prove the efficacy of certain food ingredients in colon
cancer chemoprevention are placebo-controlled intervention studies. How-
ever, the development of colon cancer is a long-term process which spans
decades and would make it necessary to follow-up intervention over sev-
eral years, even decades, in order to observe beneficial effects. As this is
impossible, it is essential to choose an appropriate intermediate or definite
endpoint and to select thepopulationwhich shouldbe studied.Most interven-
tion studies concentrate on individuals with a high-risk to develop adenomas
or polyps such as individuals with hereditary syndromes “Familial Adeno-
matous Polyposis” (FAP) and “Hereditary Nonpolyposis Colorectal Cancer”
(HNPCC) as well as patients who had their polyps removed by endoscopic
polypectomy and usually have a high recurrence rate of polyps.
The latter populationwas used to investigate the effect of interventionwith

20 g/d lactulose. The recurrence rate of adenomas in 209 polypectomized
patients, who were randomized into three different dietary groups, was 5.7%
in thevitamingroup (vitaminsA,C, andE), 14.7% in thegroupgiven lactulose,
and 35.9% inuntreated controls.128 This showed that the ingestion of lactulose
despitehavinga lesser effect than thevitamins could significantly lowerpolyp
recurrence and exert chemopreventive properties.
Two studies are under way to study the impact of RS on colon carcino-

genesis in genetically predisposed individuals. In CAPP1 (Concerted Action
Polyp Prevention) individuals with a FAP background received daily either
600 mg aspirin, 30 g RS (1:1 mix of raw potato starch and Hylon VII),
600 mg aspirin plus RS or placebo.129 Data on 133 subjects followed for
at least one year showed that neither intervention resulted in a significant
reduction in polyp number. However, the mean size of largest polyps was
significantly reduced in the aspirin group in a first analysis and in both
aspirin alone and the combined aspirin/RS group in a secondary analysis
using only data from those who had stayed more than one year, suggest-
ing higher compliance. While RS alone had no effect on polyp number or
size, it was found that those treated with starch had significantly shorter
crypts.130

In the CAPP2 study carriers of a mismatch repair defect with a known
HNPCC background will be randomized in a 2× 2 factorial design receiving
either 600 mg enteric coated aspirin or placebo and 30 g resistant corn starch
or placebo (fully digestible wheat starch). The primary endpoint for CAPP2
will be the number, size, and histological stage of colorectal cancer found after
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2 years of treatment or placebo. A second endpoint will be the incidence of
associated extracolonic malignancies.40

Since the follow-up of polyp recurrence is still a very tedious process, cur-
rent efforts are aimed to develop biomarkers that can mimic certain key
stages in colon carcinogenesis. In the SYNCAN study a range of state-
of-the-art biomarkers, which reflect effects on cell growth, inflammation,
carcinogen burden of the gut, and barrier function of colon mucosa, was
used to investigate the impact of intervention with a synbiotic combination
of prebiotic oligofructose-enriched inulin (12 g/day) and probiotics Lacto-
bacillus rhamnosus GG and Bifidobacterium lactis Bb12 (1010 cfu/day).80 In a
12 week randomized, double-blind, placebo-controlled intervention study
37 cancer patients and 43 polypectomized patients were either fed synbiotic
or placebo and blood and fecal samples were collected before intervention,
after 6 and 12weeks. Biopsy sampleswere taken before intervention and after
12weeks. Protective effects of synbiotic interventionweremainly observed in
the polypectomized patients. It was shown that consumption of the synbiotic
significantly decreased DNA damage (Figure 15.1) and reduced proliferative
activity in biopsies frompolyppatients. Fecalwaters frompolyppatients dur-
ing synbiotic intervention significantly improved barrier function measured
as transepithelial resistance and had a significantly lower capacity to induce
necrosis in HCT116 cells. Altogether, synbiotic intervention favorably altered
colon cancer biomarkers.

0

10

20

30

40

50

60

70

Placebo Synbiotic
T1 T1T3 T3

*

M
ea

n 
ta

il 
le

ng
th

 [µ
m

]

FIGURE 15.1
Reduction of the carcinogen burden in the gut by prebiotics. Reduction of DNA damage
in biopsy samples of polypectomized individuals after 12 weeks of synbiotic intervention
with oligofructose-enriched inulin and Lactobacillus rhamnosus GG, and Bifidobacterium lac-
tis Bb12. Shown are mean tail length ± SD of 13 non-smokers in the placebo group and
15 non-smokers in the synbiotic group. The asterisk indicates a significant difference after
12 weeks (T3) intervention compared to baseline (T1), generalized linear model, time*treatment,
∗p < .05.
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FIGURE 15.2
Reduction of the carcinogen burden in the gut by prebiotics. Reduction of fecal water geno-
toxicity measured by the comet assay after a 5-week intervention with standard German sour
dough bread (control bread) or bread enriched with antioxidants± prebiotics (intervention) and
additional post phase (>6 weeks) with no intervention. Shown are mean tail intensities of HT29
clone 19A cells treated 30 min with 10% fecal water at 37◦C, error bars are SEM, n = 15 (post
phase n = 9), subjects aremale non-smokers. Asterisks indicate significant differences compared
to the run-in phase, paired t-test, **p < .01, ∗ ∗ ∗p < .001.

One study examined the effect of prebiotic bread on the fecal water geno-
toxicity, but in healthy volunteers.131 As fecal water genotoxicity represents
a biomarker for carcinogen burden in the colon, individuals with fecal water
with a high DNA damaging potential might face higher colon cancer risk. It
was shown that a bread fortifiedwith inulin and linseed significantly reduced
fecal water genotoxicity after 5-week intervention compared to baseline val-
ues (Figure 15.2). However, a comparable reduction was also observed after
consumption of control bread. As control bread already contained consider-
able amounts ofwheat flourwhich is a good source of inulin13 and apple fiber
including pectin which has also prebiotic properties132 it might be speculated
that the control bread already exerted a prebiotic effect, but this cannot be
proven as no data about bacterial populations were available.

Prebiotics and Anticancer Activities in Other Tumors

There are some plausible biological reasons as to why prebiotics protect
against cancer, mainly in the large intestine (see above). If dietary fibers
are able to absorb carcinogens, this could lead to the removal of these toxic
substances from the body without them having the opportunity to initiate
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cancer.133,134 This could protect not only the gut but also other organs. Cohen
et al.135,136 suggested that this could be involved in increased excretion of
estrogens from the body and protection against breast cancer by wheat bran.
Also epidemiological data showed that nonstarch polysaccharides/fiber
possibly decrease the risk of breast cancer in humans.137

In genetically predetermined Min-mice models, there was a significant
reduction not only of colonic tumors, and even of tumors in the small intest-
ine, indicating that systemic effects are involved.25,138 The systemic efficacy
was confirmed inmodels inwhich tumor cellswere implanted. So, there have
been reports that nondigestible oligosaccharides may reduce the growth of
transplantable tumors and may inhibit the development of lung metastases
in animal models (see Chapter 16). But it is problematical to extrapolate such
results to humans.139

Further well-conducted studies are necessary to understand the role of
dietary fiber/prebiotics in protection against carcinogenesis140 in different
organs of animals and humans.

Conclusions

The data presented here show that prebiotics have a strong chemoprevent-
ive effect on colorectal cancer in chemically induced rodent models. The
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mechanisms of chemoprevention by prebiotics (Figure 15.3) have been elu-
cidated in vivo in animal models of colorectal carcinogenesis and by in vitro
experiments and may involve the protection from DNA damage by reducing
the carcinogen burden of the gut through a decrease of the activity of certain
microbial enzymes associated with the conversion of procarcinogens to car-
cinogens as well as the induction of detoxicifying enzymes in mucosa cells.
Furthermechanisms discussedwith regard to chemoprevention by prebiotics
include an increase in apoptosis to removeDNAdamaged cells, the inhibition
of proliferation of dysplastic cells, the improvement of the barrier function,
an activation of the immune system, and the modulation of genes involved
in oxidative and metabolic stress. Results from a few human studies indicate
that prebiotics may also act anticarcinogenic in humans and especially data
of the SYNCAN study support the involvement of the discussedmechanisms
in chemoprevention.
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Introduction

A functional food is a food that contains one or a combination of components
that interact with physiological functions in the body to improve them or to
reduce the risk of associated diseases. The development of such functional
foods startswith the identification of an interaction between a food ingredient
and a particular function in the body, followed by a proper understanding of
the mechanism of such a positive interaction, and finally, the demonstration
of beneficial effects in humans, including the reduction of risk of disease [1].
Specifically, the preventive and/or inhibitory effect of miscellaneous dietary
components on cancer development, growth, and metastasis is a topic of
major interest [2–4]. Much work has been done to identify dietary compon-
ents classified as anti-carcinogens (e.g., carotenoids, allyl sulfides, dietary
fibers) with the capacity to prevent initiation and, possibly, promotion of
carcinogenesis [5].

329
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The gastrointestinal tract has been identified as amajor target for the devel-
opment of functional foods because, beyond the digestive processes, this
organ and especially the colon plays major roles in immunity, metabolic reg-
ulation, as well as brain-dependent activities like appetite regulation, via the
so-calledgut–brain links. Thekey role of the colon is stronglydependent on its
colonization by an extremely complex population of microorganisms-colonic
microflora. Indeed, balanced colonic functions result from the multiple
interactions not only between the components of the microflora but also
between the microflora and the colonic tissue. Such interactions control
differentiation processes and gene expression in these eukaryotic cells. To
be optimally functional, the colon and its symbiotic microflora need to be
fortified appropriately. This is the role of the colonic foods; that is, food com-
ponents that resist digestion and absorption in the upper gastrointestinal
tract reaching the colon where, through fermentation, they feed the micro-
flora, modulate its composition, and also regulate colonic as well as systemic
functions.
Nondigestible oligosaccharides are key components of the colonic foods.

Among these, the prebiotics and more specifically inulin-type fructans
[6–8] have attracted much attention over the last 12 years. Indeed, as
reviewed in the different chapters, prebiotics in general and inulin-type
fructans in particular positively influence different metabolic functions in
the body that are useful for host physiology as well as for the reduction
of risk or even the treatment of some pathologies including carcinogenesis
in its early stages. Direct action of and/or immunomodulation by bac-
terial metabolites, or direct effects of selectively promoted intestinal bacteria,
have been reported as possible mechanisms of cancer risk reduction by
inulin-type fructans [9,10]. However, until recently, few experiments have
been performed to investigate if inulin-type fructans can slow down the
growth and development of an already existing population of neoplastic
cells as reported for probiotics, as well as fractions of their membrane
preparations for various types of tumors implanted intraperitoneally, sub-
cutaneously, or intramuscularly in experimental animals [11,12–16] or of
chemically induced cancers [13]. Moreover, it has not been determined
if prebiotics and/or probiotics have any effect on the efficacy of can-
cer therapies used in human medicine to treat cancers. The objective of
this chapter is to review the results of experiments performed to test the
effects of two prebiotic inulin-type fructans, namely, inulin and oligo-
fructose, on the growth of implanted tumor and the efficacy of cancer
treatment.
Experiments were performed in mice or rats fed ad libitum either a

basal laboratory animal diet or the same diet supplemented with 15%
inulin or oligofructose. In most experiments, a solid or an ascitic form
of a transplantable liver tumor (TLT) was transplanted in young male
NMRI mice [17,18]. The experiments on mammary carcinogenesis and
on inhibition of metastases were performed in rats and in C3H mice,
respectively.
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Anti-Carcinogenic Effect of Oligofructose

As reviewed by Pool-Zobel and collaborators, the major effects of prebiotics,
including inulin-type fructans, on the reduction of carcinogenesis are primar-
ily at the site where colonic bacteria are stimulated to proliferate, that is, the
colon [19].
We have been interested in whether inulin-type fructans could also have

an inhibitory effect on carcinogenesis in another organ distant from the colon,
that is, the mammary gland.
The results of a preliminary research demonstrate that oligofructose (15%

w/w) in the basal diet for experimental animals) reduced the incidence of
mammary tumors induced in Sprague–Dawley female rats by a subcutaneous
single dose of 50 mg/kg of methylnitrosourea injected at the 45th day after
the birth. For all the parameters analyzed, that is, the number of tumor-
bearing rats, the total number of mammary tumors, the mean tumor volume,
the number of malignant mammary tumors, and their metastases, the scores
were significantly lower in the oligofructose-fed rats than in the rats of the
control group fed a basal diet (Table 16.1) [20].

Effects of Inulin-Type Fructans on Tumor Growth

Besides their anticarcinogenic effects on the colon andmammary carcinogen-
esis in experimental animals, inulin-type fructans have also been shown to
slow the growth of already existing tumors, that is intramuscularly trans-
planted solid mouse tumors originating from two different tumor cells lines,
TLTandmammarymouse carcinoma (EMT6) [21]. These tumorgrowth inhib-
itory effects have been confirmed in mice fed inulin or oligofructose and
bearing the ascitic or solid form of the intraperitoneally or intramuscularly
transplanted malignant liver tumor (TLT) (Figures 16.1 and 16.2). The per-
centage of increase in life span (ILS), when compared to a control group of

TABLE 16.1
Effect of Oligofructose (OFS) Feeding on Methylnitrosourea (MNU)-Induced Carci-
nogenesis in Female Rats

Tumor

Volume (cm3) of
Malignant Mammary Tumors

Mammary
Diet Group Benign Adenocarcinoma Other Total Metastasis Total

Control 1 19 2 21 2 132
OFS 0 12 0 12 0 73
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FIGURE 16.1
Effects of both inulin and oligofructose (15% in diet) on mortality rates of ascitic tumor-bearing
mice as measured by change in MST (median survival time) and ILS (increase in life span).
Ten mice were examined per group in four separately performed experiments. The results are
cumulatively presented. The results for both carbohydrates examined were statistically highly
significant (p < .01)when compared with the control group.

MST in days ILS

Control 15.5
Inulin 18 16.1%
Oligofructose 18 16.1%

mice fed a basal diet alone, was 16% and the increased median survival time
(MST) was 18% for both prebiotics examined [22].

Effects of Inulin-Type Fructans on Cancer Metastasis

In young male C3H mice, the intramuscularly transplanted TLT tumor cells
form a tumor that later on tend to metastasize, especially in the lungs. In
such an experimental model, the most surprising activity of inulin and oligo-
fructosewas their capacity to reduce significantly the number ofmice bearing
lungmetastases as well as the absolute number of lungmetastases per group.
The percentage of mice bearing lungmetastases in a control group fed a basal
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FIGURE 16.2
Effects of both inulin and oligofructose (15% in diet) on mean growth of intramuscularly
implanted solid TLT tumor expressed as mean tumor surface per group and standard errors of
the means. Ten mice were examined per group in three separately performed experiments. The
results for both inulin-type fructans examinedwere statistically very highly significant (p < .001)
when compared with the control group.

diet, in an inulin-fed group, and in an oligofructose-fed groupwere 59%, 36%,
and 35%, respectively. The total number of lung metastases was 37, 18, and
16, respectively, for the three groups [23].

Effects of Inulin-Type Fructans on the Therapeutic Efficacy of
Cancer Therapy

In experimental models of cancer therapy, both inulin and oligofructose have
alsobeen shown topotentiate the therapeutic efficacyof either cytotoxicdrugs
or radiation.
To test the effect of inulin-type fructans on the efficacy of cytotoxic drugs,

six cytotoxic drugs were used that are representatives of the different phar-
macological groups classically utilized in human cancer treatment, namely
5-fluorouracil, doxorubicine, vincristine, cyclophosphamide, methotrexate
and cytarabine. The drugs were intraperitoneally injected at single subthera-
peutic doses into control and inulin- or oligofructose-fed mice bearing the
ascitic form of the TLT tumor. The therapeutic effects of the drugs were eval-
uated by comparing increase of life span (ILS) in treated and untreated mice
groups. Increased efficacy of the chemotherapy induced by the adjuvant
treatment with inulin or oligofructose resulted either from a synergistic
effect (more than 50% of the experiments), or from an additive effect. No
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TABLE 16.2
Effect of Both Inulin or Oligofructose (OFS) on the Therapeutic Efficacy (as Meas-
ured by the % Change in ILS) of a Single Dose of Miscellaneous Cytotoxic Drugs
Administrated to Ascitic TLT-bearing Micea

ILS Effect of Combined
Treatment % p Value Treatment

5-Fluorouracil 18.75
OFS 12.5
5-Fluorouracil + OFS 40.6 < .001 Synergistic
5-Fluorouracil 6.25
OFS 12.5
Inulin 12.5
5-Fluorouracil + OFS 21.9 < .001 Synergistic
5-Fluorouracil + inulin 18.75 < .001 Additive
Doxorubicin 14.7
OFS 5.9
Doxorubicin + OFS 17.6 < .001 Additive
Vincristine sulfate 33.3
OFS 13.3
Inulin 10.0
Vincristine sulfate + OFS 46.7 < .001 Additive
Vincristine sulfate + inulin 43.3 < .01 Additive
Cyclophosphamide 11.0
OFS 16.0
Inulin 11.0
Cyclophosphamide + OFS 44.0 < .01 Synergistic
Cyclophosphamide + inulin 47.0 < .001 Synergistic
Methotrexate 2.0
OFS 5.0
Inulin 11.0
Methotrexate + OFS 29.0 < .001 Synergistic
Methotrexate + inulin 20.0 < .01 Synergistic
Cytarabine 3.0
OFS 15.1
Inulin 15.1
Cytarabine + OFS 15.1 < .01 Additive
Cytarabine + inulin 27.2 < .001 Synergistic

aEach treated group of 12 mice had its individual, untreated control group, with which it
was compared in calculating the increase of life span (ILS). Cumulatively presented results
are based on two experiments independently performed at different times, except for the last
three experiments, which were performed once on groups of 10 mice each. According to the
log-rank test, results were estimated as significant at p < .05, highly significant at p < .01,
and very highly significant at p < .001.

negative result of the adjuvant therapy induced by inulin or oligofructose
was ever observed. Inulin and oligofructose were equally active in their
chemotherapy-potentiating activity. Quantitatively, the adjuvant therapeutic
effect was slightly different for the different drugs. In some experiments, a
spectacular effect was observed, for example, for cyclophosphamide, a drug
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for which the therapeutic efficacy was increased by 47% (increased ILS) (see
Table 16.2) [24,25].
To test for the effect of inulin-type fructans on the efficacy of radiother-

apy, inulin or oligofructose (15% in basal diet) were given to mice bearing
intramuscularly transplanted TLT tumors with a volume of approximately
1000 mm3. These tumors were locally irradiated with a single dose of
5–20 Gy x-rays and the progression of tumor growth examined by regu-
lar, twice weekly measurements. At an optimal dose of 10 Gy, the efficacy
of radiotherapy was increased in inulin- or oligofructose-fed mice to a
statistically very highly significant level (p < .001) when compared to
the control group of mice irradiated with the same dose of x-rays (see
Figure 16.3). The increase in radiotherapy’s efficacy was similar for inulin
andoligofructose [26].MeanSolid tumor evolutionafter local Irradiationwith
10 Gyof x-rays.

Discussion

The results of our experiments on the effects of inulin or oligofructose
demonstrate the following:

1. A reduced incidence of mammary tumors induced by methylnitro-
sourea in Sprague–Dawley female rats

2. A reduced growth of transplantable tumors in mice
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FIGURE 16.3
Effects of both inulin and oligofructose (OFS) (15% in diet) on mean growth of implanted solid
TLT tumor expressed as mean tumor surface per group of 16 mice and standard errors of the
mean after local tumor irradiation with a dose of 10 Gy compared with the control group fed the
basal diet.
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A decreased incidence of lung metastases of a malignant tumor intramuscu-
larly implanted in mice

3. A significant increase in the efficacy of both chemotherapy and
radiotherapy of transplantable tumors in mice

Moreover, in all the experiments, there was no functional or morphological
sign of toxicity following inulin or oligofructose administration. The nontoxic
character of adietary treatmentwith these inulin-type fructanswas confirmed
by the increase in survival time of inulin- or oligofructose-fed mice [20–22].
It should also be mentioned that a lower dose of inulin and oligofructose

(i.e., 10% in diet) induced similar potentiating effects on cancer therapy
(unpublished results).
Several hypothetical mechanisms are potentially involved in the cancer

growth inhibiting and cancer therapy potentiating effects of inulin-type
fructans:

1. These carbohydrates are nondigestible by endogenous enzymes, but are
actively fermented by the colonic bacteria, selectively promoting the growth
of some of them, especially the bifidobacteria [27,28]. Such changes in the
composition of the colonic microflora have been reported to reduce tumor
incidence and/or growth [13]. Moreover, it has been reported that cell wall
preparations from Bifidobacterium infantis have a tumor suppressive effect
[16,29], and it has also been shown that inulin and oligofructose reduce the
incidence of aberrant crypt foci in the colon of rats previously injected with a
chemical carcinogen [19,30,31].
2. The growth and proliferation of tumor cells depend on glucose avail-

ability, because, in these cells, the glycolytic pathway is the major source of
energy [32]. The nondigestible carbohydrates, especially inulin-type fructans
have been reported to decrease the serum glucose level in rats and in humans
[33,34], an effect that might deprive cancer cells of their essential substrate.
3. Kuhajda et al. [35] have also demonstrated that, in vitro, human can-

cer cells do require endogenous fatty acid synthesis for their growth and
that the inhibition of this metabolic pathway can be considered as a new
and promising target for cancer therapy. Experiments have demonstrated
that inulin-type fructans, which inhibit tumor growth, also decrease the
concentration of triglycerides, phospholipids, and low-density lipoproteins
in serum by lowering de novo hepatic lipogenesis [36,34]. Such a meta-
bolic effect might also be related to the tumor inhibitory effect reported
above.

Conclusion

More advanced investigations are necessary to further elucidate which of
the above-mentioned or other mechanisms are involved in the reduction
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of cancer risk and in the cancer chemo- and/or radiotherapy-potentiating
effects of dietary inulin-type fructans. However, this latter effect remains
one of the most surprising, and needs to be confirmed in other experimental
models as well as in clinical trials before inulin-type fructans can be recom-
mended as nontoxic and easily applicable adjuvant cancer therapy without
any additional risk for the patients.
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Introduction

Crohn’s disease andulcerative colitis, collectively referred to as inflammatory
bowel diseases (IBD), are chronic idiopathic inflammatory diseases of the
gastrointestinal tract. IBD is generally regarded as a “Western” world dis-
ease, and its frequency has increased considerably over the past fewdecades.1

Quality of life is severely affected in IBD patients, mainly due to chronic
relapses of disease. Complications such as stenoses and strictures are fre-
quent in Crohn’s disease, leading to multiple resections of affected parts
of the gastrointestinal tract. In addition, chronic ulcerative colitis is associ-
ated with an increased frequency of colonic adenocarcinoma. Although the
exact pathogenesis of IBD is still mostly unknown, enormous progress has
been made in recent years to obtain a better understanding. This chapter
will summarize the current status of our understanding of the pathogenesis
of IBD.

Epidemiology

The incidenceof IBDeitherhas continued to increaseorhas stabilizedat ahigh
rate in most developed countries. Even in less developed regions, where IBD
has been less common, the incidence is now increasing. This increase is the
result of a combinationofpreviously rising incidenceand improvedsurvival.1

Awide range of incidence rates has been reported for IBD. In North America,
incidence rates for IBD range from 2.2 to 14.3 cases per 100,000 person-years
for ulcerative colitis and from 3.1 to 14.6 cases per 100,000 person-years for
Crohn’s disease.2 Prevalence ranges from 37 to 246 cases per 100,000 persons
for ulcerative colitis and from 26 to 199 cases per 100,000 persons for Crohn’s
disease.2 An estimated 1.4 million persons in the United States and 2.2 mil-
lion persons in Europe suffer from these intestinal inflammatory conditions.2

The onset of both diseases occurs most frequently between the ages of
15 and 30.

Clinical Features

Crohn’s Disease

Although Crohn’s disease and ulcerative colitis are both inflammatory dis-
orders of the intestinal tract, they each have distinct patterns of symptoms
and therapeutic strategies. Crohn’s disease was first described in 1932 by
Crohn, Ginsberg, andOppenheimer as “ileitis regionalis,” to bedistinguished
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from intestinal tuberculosis.3 Although Crohn’s disease can occur at any
location in the intestinal tract, highest incidences are reported in the distal
ileum and colon. Clinical symptoms are diverse and involve nonbloody
diarrhea, abdominal cramps, fever, weight loss, and perianal manifesta-
tions. Associated complications include fistula to skin and internal organs,
strictures, and intraabdominal abscess formation. Gross appearance shows
a thickened intestinal wall with a narrowed lumen, which can lead to
bowel obstruction. In more advanced stages of the disease, the mucosa has
a nodular appearance, often referred to as “cobblestones.” Characteristic
histopathologic features of Crohn’s disease that do not occur in ulcerat-
ive colitis are transmural inflammation affecting all layers of the intestinal
wall and mesenteric lymph nodes and chronic noncaseating granulomatous
inflammation. The intestinal tract in Crohn’s disease shows a discontinuous
pattern: severely affected regions alternate with normal parts, the so-called
“skip-lesions.” Current treatments formild-moderateCrohn’sdisease include
steroids, 5-aminosalicylic acid, and antibiotics. More severe and recurrent
Crohn’s disease requires azathioprine/6-mercaptopurine,4,5 methotrexate,6

and/or anti-TNF (tumor-necrosis factor)7,8 therapy as well as other biolo-
gic therapies. Surgical interventions are necessary to treat complications and
drug-resistant patients.

Ulcerative Colitis

Ulcerative colitis was first described by Wilks in 1859.9 Ulcerative colitis
is always restricted to the colon and almost always involves the rectum.
Major symptoms reflect colonic inflammation, diarrhea, rectal bleeding, and
abdominal pain, and in severe cases accompanied by fever and weight
loss. The inflammation primarily involves the colonic mucosa, is uniform
and continuous, and always progresses proximally. Pseudopolyps are com-
monly found during endoscopy. Initial microscopic findings include acute
and chronic diffuse colonic inflammation with crypt distortion and hyper-
plasia, crypt abscesses, and goblet cell depletion. Chronic ulcerative colitis
can lead to dysplasia, with increased risk for colorectal cancer in later stages
of disease. Laboratory findings show perinuclear staining for antineutro-
phil cytoplasmic antibodies (pANCA) in 70% of ulcerative colitis patients.
Standard medical treatment of ulcerative colitis includes systemic and top-
ical 5-aminosalicylic acid and steroids. More severe and steroid-dependent or
refractory disease requires azathioprine/6-mercaptopurine for maintenance
of remission and intravenous cyclosporine10,11 and lately anti-TNF to prevent
colectomy.12 Since ulcerative colitis is restricted to the colon, surgical treat-
ment by total colectomy will potentially cure the disease. Therapies directed
against potential disease-inducing bacteria, such as probiotic and prebiotic
therapies, are emerging and will be discussed in this and other chapters in
the book.
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FIGURE 17.1
A combination of genetic susceptibility, luminal microbial antigens and adjuvants, environ-
mental triggers, and an aberrant immune response contribute to the pathogenesis of chronic
inflammatory bowel disease (IBD). (From Sartor RB.,Nat. Clin. Pract. Gastroenterol. Hepatol. 2006;
3(7):390–407. With permission.)

Etiology of Inflammatory Bowel Disease

Introduction

The pathogenesis of IBD is complex and consists of multiple etiologic factors
(Figure 17.1). Genetic factors play an important role. For example, disease
concordance for Crohn’s disease is higher in monozygotic twins (44–50%)
than that in dizygotic twins (0–4%).13 A strong environmental component
is suggested to influence disease expression, since disease concordance does
not reach 100% inmonozygotic twins. Furthermore, studies in animalmodels
of intestinal inflammation indicate dysregulated immune responses against
various bacterial components.14,15 In this chapter, we will discuss various
etiologic factors contributing to the pathogenesis of IBD (Table 17.1).

Genetic Factors

There is overwhelming evidence that genetic factors play an important role
in IBD and that the genetic association is stronger for Crohn’s disease than for
ulcerative colitis. For example, 15–20% of all IBD patients have at least one
affected relative, usually a first-degree relative. The absolute risk of IBD for
first-degree family members is approximately 7%.13,16 Disease concordance
for Crohn’s disease is higher in monozygotic twins (44–50%) than that in
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TABLE 17.1

Specific Theories on the Pathogenesis of IBD

Hypothesis Examples

1. Persistent pathogenic infection • Mycobacterium avium subspecies paratuberculosis
• Pathogenic E. coli strains
• Unknown microorganisms

2. Dysbiosis • Increased amount of disease-inducing bacteria
• Decreased amount of protective bacteria

3. Defective mucosal barrier function • Genetic defects
• Infections

4. Defective microbial clearance • Paneth cell dysfunction
5. Aberrant immunoregulation • Overaggressive inflammatory responses

• Defective immunoregulation
• Resistance to apoptosis

dizygotic twins (0–4%).13 These percentages are much lower for ulcerative
colitis, indicating that genetic influencesmight be stronger in Crohn’s disease
than in ulcerative colitis. There are also differences in prevalence among the
different ethnic groups. IBD is most frequent in Ashkenazi Jews, and high
in Caucasians, but lower for Blacks. For example, mutations in the CARD15
(caspase recruitment domain family member 15, formerly known as NOD2)
gene have been demonstrated to predict an earlier age-of-onset of Crohn’s
disease in Ashkenazi Jewish patients.17

The absence of simple Mendelian inheritance patterns for predicting the
risk of IBD development suggests that multiple genetic mutations are associ-
ated with IBD. To date, multiple susceptibility loci (IBD1–IBD9) for Crohn’s
disease have been discovered.18,19 The most important mutation discovered
involves the CARD15 gene located on the IBD1 locus on chromosome 16.20,21

Patients homozygote for the CARD15 mutation have a relative risk of 38 for
developing Crohn’s disease. This same factor is only 3 for heterozygotes.21

At least one of the mutations in this region is present in 25–30% of European
IBD patients.22

The CARD15 region on chromosome 16 encodes for a leucin-rich repeat
that is responsible for the recognition of bacterial products. Multiple defects
in this region have been associated with Crohn’s disease, the three defects
with the highest incidence account for 80% of all Crohn’s disease-associated
variants.23 CARD15 is an intracellularpattern-recognition receptor that recog-
nizes muramyl dipeptide, a component of peptidoglycan-polysaccharide
(PG-PS) present on bacterial cell walls.24,25 CARD15 is present in numer-
ous immune cells, including dendritic cells, monocytes, and epithelial cells.26

It activates the nuclear factor κB (NF-κB) pathway, which is an intracellu-
lar signaling cascade crucial to the initiation of proinflammatory responses
and protection against pathogens (Figure 17.2). Subsequently, genes that
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FIGURE 17.2
Activationof innate immune responsesvia ligationofpattern recognition receptors. Awide range
of microbial adjuvants selectively bind to homologous membrane-bound TLR or to intracellular
CARD receptors. These pattern recognition receptors, the IL-1 receptor (IL-1R) and tumor nec-
rosis factor receptor (TNFR), signal through the central NF-κB and MAPK pathways to activate
transcription of a large number of proinflammatory and protective molecules.

encode for both proinflammatory and protective cytokines and molecules
are upregulated.27 NF-κB-mediated immune responses are discussed inmore
detail in the section on innate immune responses in this chapter.
Of interest, CARD15mutations are associated with certain phenotypic fea-

tures inCrohn’sdisease. CommonCARD15variants are associatedwithdistal
ileal Crohn’s disease and a fibrogenic, stenotic phenotype.28−30
Increasing evidence indicates that multiple heterogeneous genetic defects

are involved in Crohn’s disease and ulcerative colitis.31 The described phen-
otypic observations associated with CARD15 mutations suggest multiple
pathways that lead to intestinal inflammation: activation of proinflammatory
pathways, defective downregulation of immune responses, or insufficient
clearance of pathogens. In addition, some individuals who are homozygote
for the CARD15mutation do not develop IBD and CARD15 polymorphisms,
which only occur in a subgroup of patients.32

Besides CARD15 mutations, multiple other gene defects are associated
with IBD. Mutations in the SLC22A4 and SLC22A5 regions on chromosome
5 lead to two functional variants of the organic cation transporters OCTN1
and OCTN2 and are associated with both CARD15 mutations and Crohn’s
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disease.33 DLG5 (discs large homolog 5 (Drosophila)) encodes for an epithelial
scaffolding protein that is important for maintaining mucosal barrier func-
tion. Mutations in the gene DLG5 on chromosome 10 have been associated
with Crohn’s disease and combined ulcerative colitis and Crohn’s disease
patients.34 PPARγ (peroxisome proliferative-activated receptor γ) is a nuclear
inhibitor of NF-κB, its expression is decreased in ulcerative colitis patients35

and isupregulatedby5-aminosalicylic acid.36 Furthermore, thePPARγ ligand
rosiglitazone significantly improved colitis in ulcerative colitis patients37 and
murine experimental colitis.38 Mutations in the gene encoding for PPARγ on
chromosome 3 are associated with Crohn’s disease.39 The MDR1 (multidrug
resistance) gene encodes for P-glycoprotein 170, a transporter responsible for
the efflux of drugs. Of interest, mutations in this gene on chromosome 7 are
associatedwith treatment-refractory IBD.40 In addition, MDR1 deficientmice
spontaneously develop enterocolitis.41

These genetic defects are mainly involved in maintaining the intestinal
barrier function. Of interest, CARD15 mutations have been associated with
increased intestinal permeability in healthy first-degree relatives of Crohn’s
disease patients.42 One explanation for the onset of IBD is a defectivemucosal
barrier function in the genetically compromised host, leading to increased
intestinal permeability. This could allow commensal and pathogenic bacteria
to invade the lamina propria and subsequently chronically stimulate innate
and adaptive immune responses.
Genetic profiles are also involved in the efficacy and toxicity of therapy.43

For example, expression of the glucocorticoid receptor β (GRβ) alters the cor-
ticosteroid response in IBD.44 This receptor does not signal after binding
to corticosteroids, in contrast to GRα that continues to signal. Eighty-three
percent of glucocorticoid-resistant ulcerative colitis patients expressed GRβ,
whereas only 9% expressed GRβ in normal responders.

Microbiological Factors

The intestinal microbiota is a continuous stimulus for the immune system.
We can categorize bacteria and their products by the immune responses they
induce. Bacteriagenerally stimulate innate immunecells bybinding topattern
recognition receptors. Antigens are recognized by T and B lymphocytes and
induce adaptive immune responses, as will be explained later.

Commensal Bacteria

Under normal conditions, intestinal homeostasis is well maintained in the
presence of commensal nonpathogenic bacteria. However, chronic intest-
inal inflammation can develop in response to these residential intestinal
bacteria in the genetically susceptible host.14 Luminal bacteria are present
in high concentrations in the distal small bowel and colon, as high as 1011

organisms/gram colonic contents.45 Moreover, Crohn’s disease and ulcerat-
ive colitis, both occur at sites with the highest levels of intestinal bacteria.



8171: “chap17” — 2007/12/3 — 18:12 — page 348 — #8

348 Handbook of Prebiotics

Manipulating the intestinal microflora through diet may be of importance in
changing the natural course of colitis. Treatments that target the bacterial load
and the composition of the luminal microflora include antibiotics, probiotics,
and prebiotics.

Animal Models

Many animal models of chronic intestinal inflammation have demonstrated
the importance of the commensal intestinal bacteria for the onset and pro-
gression of disease. This has been shown in several colitis models such as
HLA-B27/β2microglobulin transgenic rats,46,47 IL-10−/−,48 TCRαβ−/−,49 and
CD3ε26 transgenicmice50 inwhich the germ-free state prevents disease devel-
opment and immune activation. The importance of intestinal bacteria in the
pathogenesis of experimental colitis was further emphasized after show-
ing that broad spectrum antibiotics could both prevent and treat colitis in
HLA-B27 transgenic rats. Antibiotics are also beneficial in dextran sulfate
sodium (DSS)-induced colitis in BALB/c mice51 and in IL-10−/− mice.52,53

Moreover, cecal bacterial overgrowth within an experimental blind loop
exacerbates colitis inHLA-B27 transgenic rats, whereas a bypass of the cecum
attenuates the disease in this model.54

Monoassociation studies have provided inside into the role of specific bac-
terial strains in the pathogenesis of colitis. Host specificity has been shown by
the observation that E. coli induces colitis in IL-10−/− mice but not in HLA-
B27 transgenic rats.55,56 Bacteroides vulgatus (B. vulgatus)preferentially induces
colitis inHLA-B27 transgenic rats aftermonoassociation for 4weeks, whereas
monoassociation with Escherichia coli (E. coli) does not cause disease.55

Phenotypically distinct patterns of intestinal inflammation were observed
in colitic mice, with evident regional specificity for different bacteria.
Enterococcus faecalis (E. faecalis) induced mild distal colitis, whereas
E. coli and Enterobacter cloacae induced cecal inflammation in IL-10−/−
mice.56,57 Dual association with E. coli and E. faecalis led to a rapid onset
pancolitis.58 Other monoassociation studies in IL-10−/− mice showed mod-
erate pancolitis induced by Klebsiella spp.14 whereas Bifidobacterium animalis
monoassociation resulted in distal colonic and duodenal inflammation in
these mice.59

Broad-spectrum antibiotics are beneficial in experimental colitis. A com-
bination of metronidazole and neomycin prevented and treated colitis in
IL-10−/− mice.52 Vancomycin-imipenem prevented and treated colitis in
HLA-B27 transgenic rats, DSS-induced colitis in mice,51,53 and trinitro-
benzenesulfonic acid (TNBS)-induced experimental colitis in rats.60 The
combination of ciprofloxacin and metronidazole prevented and treated
inflammation in the SAMP1/Yit spontaneous ileitis model61 and it improved
acute but not chronic DSS-induced colitis in mice.62 An interesting observa-
tion from studies in animal models is that antibiotics are more effective in
preventing, rather than treating, established colitis. Ciprofloxacin prevented
the induction of colitis in IL-10−/− mice born under specific pathogen-free
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conditions, but showed only minor effects in established colitis.53 Moreover,
in HLA-B27 transgenic rats and DSS-treated mice, oral administration of
either ciprofloxacin or metronidazole prevented colitis but was less effective
in treating established inflammation.51

Human Studies

Many studies have attempted to locate pathogens associated with human
IBD because of the similarity between features of Crohn’s disease and those
produced by pathogenic organisms such as mycobacteria.63

Pathogenic E. coli are associated with IBD. Their role in chronic intestinal
inflammation was demonstrated by the observation that ileal mucosa from
Crohn’s patients with postoperative recurrence containedmore enteroadher-
ent/invasive E. coli strains (22%) than that did healthy controls (6%).64 This
association only applied to the ileum of healthy and Crohn’s disease patients,
but not for colonic Crohn’s disease or ulcerative colitis patients.65 In addition,
IBDpatients have increased serumandmucosal antibody responses to several
commensal bacteria, includingE. coli.66–68 T-cell clones frommucosal biopsies
obtained from IBD patients showed specific immune responses to selective
commensal bacteria, including Bacteroides, Bifidobacterium and E. coli.69,70 Of
interest, there is immunohistochemical evidence for E. coli adherent to intest-
inal epithelia, invasive in ulcera and fistula, and presence in lamina propria
macrophages in patients with Crohn’s disease.71–73 The latter results are con-
sistent with suggested defective intracellular bacterial clearance in Crohn’s
disease patients with CARD15 polymorphisms.74

One persistent hypothesis on the pathogenesis of Crohn’s disease consists
of Mycobacterium avium subspecies paratuberculosis (MAP) infection.75 This
theory was developedwhen this organismwas cultured from resected intest-
inal tissues obtained from three Crohn’s disease patients.76 Multiple studies
indicated that up to 84%of patients improved after an antibiotic regime effect-
ive against MAP.75,76 In addition, other studies demonstrated the presence of
MAP in pasteurized cow’s milk and human breast milk, providing a poten-
tial pathway for transmission.77,78 Furthermore,MAPDNAwas isolated from
intestinal tissue and blood from Crohn’s disease (52%), whereas MAP DNA
was only minimally present in ulcerative colitis patients (2%) and healthy
controls (5%).79 However, there are also various arguments against the etiolo-
gical role of mycobacteria for Crohn’s disease. First, histochemical evidence
of intestinal MAP infection is absent.75 Second, immunosuppressive ther-
apy in Crohn’s disease, such as corticosteroids or anti-TNF treatment, tend
to improve disease rather than worsen it. Third, the burden of MAP infec-
tions in Crohn’s disease patients is very low.75 A possible explanation for the
high seroreactivity against MAP in Crohn’s disease patients is immunologic
crossreactivity betweenMAP antigens and self-antigens.80 This theory is sup-
ported by the recent observation that 42% of Crohn’s disease patients show
double reactivity against MAP/self-mimicking sequences.81 Although MAP
may play a etiologic role in a specific subset of Crohn’s disease patients, it
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seems more likely that the presence of MAP is the result of chronic intestinal
inflammation and bacterial translocation.

Antibiotics

Broad-spectrum antibiotics are beneficial for the treatment of chronic intest-
inal inflammation. Most clinicians use broad-spectrum antibiotics for septic
complications of IBD, perineal Crohn’s disease, and as adjuvant therapy in
fulminantulcerative colitis and toxicmegacolon. Selective antibiotics areused
mainly in Crohn’s disease. In Crohn’s disease, metronidazole is effective in
treating distal colonic inflammation.82,83 Metronidazole, in combinationwith
ciprofloxacin, is preferentially used for colonic inflammation.84–86 Although
controversial, ciprofloxacin has been used in clinical trials and was benefi-
cial in small studies for Crohn’s disease.87–89 In fistulizing Crohn’s disease
and in pouchitis there is also a role for metronidazole.90–93 After ileocolonic
resection, ornidazole prevented of recurrence of Crohn’s disease in a ran-
domized, double-blind, placebo-controlled trial.94 Rifaximin is a poorly
absorbed, broad-spectrumantibiotic that recently showed beneficial effects in
patients with mild to moderate active Crohn’s disease.95 In this multicenter,
placebo-controlled trial, rifaximin was superior to placebo in inducing clin-
ical remission of active Crohn’s disease. In contrast, only a few clinical trials
support the use of antibiotics in ulcerative colitis patients.96,97

Studies in several animal models and human IBD patients highlight the
importance of commensal bacteria for the induction and perpetuation of IBD.
Several studies indicate that there is a dysbalance between protective and
disease-inducing bacteria in IBD (Figure 17.3). While significant steps have
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Infection
Hygiene

Selected Bacteroides spp
Enterococcus faecalis
Enterbacter cloacae
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Fusobacterium spp
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FIGURE 17.3
Microbial balance and dysbiosis. The pathogenic immune responses present in IBD are triggered
by the presence of luminal bacteria. The balance of beneficial versus aggressive intestinal
microbes is responsible for either mucosal homeostasis or chronic inflammation. A number of
environmental and genetic factors influence the balance of beneficial versus aggressivemicrobes.
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been made to identify those bacteria, more than half of the bacteria found in
the colon are not cultivable and therefore difficult to study. Further studies
are therefore needed to investigate the role of individual commensal bacterial
strains in the pathogenesis of IBD.

Probiotics

Probiotics are living commensal microorganisms that, when ingested in suf-
ficient amounts, are important to the health and well-being of the host.98 The
most convincing evidence for the clinical beneficial effects of probiotics is
derived from a clinical trial with VSL#3. VSL#3 is a cocktail of eight different
probiotic species that was highly effective in preventing chronic pouchitis
after antibiotic-induced remission.99 In addition, these probiotics were able
to treat mild tomoderate ulcerative colitis in an open label study.100,101 Single
probiotic species such as E. coli 1917 Nissle were also beneficial in ulcerative
colitis patients.102 In contrast, the probiotic strain Lactobacillus johnsonii LA1
did not prevent endoscopic recurrence of Crohn’s disease.103 Lactobacillus GG
also failed to induce remission in Crohn’s disease patients in a small pilot
study.104

Specific probiotic bacteria, such as Lactobacillus species, showed pro-
tection in several experimental models of chronic intestinal inflammation,
including HLA-B27 transgenic rats and IL-10−/− mice.105–107 Similar to
disease-inducing bacteria, the specificity of probiotic strain and the back-
ground of the host is important for protection: Lactobacillus GG prevented
colitis in HLA-B27 transgenic rats but not in IL-10−/−mice. In contrast, Lacto-
bacillus plantarumwas effective in IL-10−/−mice but had no effect inHLA-B27
transgenic rats after antibiotic treatment.105,107

Relatively little is known about the protective mechanisms of probiotic
bacteria. These protective mechanisms can be categorized into three groups
(Figure 17.4). First, probiotics exert their beneficial effects by suppressing the
growth or function of pathogenic bacteria. Bifidobacterium infantis protected
the gut epithelial layer from being invaded by Bacteroides.108 In pouchitis
patients, probiotic therapy with VSL#3 increased the total number of intest-
inal bacteria as well as the richness and diversity of the anaerobic flora. In
addition, VSL#3 repressed the diversity of the fungal flora, as demonstrated
by real-time polymerase chain reaction (PCR) and fluorescence in situ hybrid-
ization (FISH).109 Second, probiotics can restore the leaky intestinal epithelial
barrier. This was demonstrated by the decreased epithelial permeability in
IL-10−/− mice after treatment with VSL#3.106 Third, probiotics exert immun-
oregulatory activities. Dieleman et al.105 showed increased cecal IL-10 and
decreased IL-1β secretion after Lactobacillus GG treatment in HLA-B27 trans-
genic rats after antibiotic treatment. Interestingly, DNA isolated from the
probiotic cocktail VSL#3 can also attenuate intestinal inflammation in IL-
10−/− mice, which effect was mediated by TLR-9.110 The clinical use for
probiotics is emerging, and advances made in unraveling the mechanisms
of probiotics are promising. Translated to human IBD, restoring themicrobial
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Mechanisms of probiotic activity.

balance between disease-inducing and protective luminal bacteria by com-
bining antibiotics, probiotics, and/or prebiotics, possibly as adjuncts to less
toxic standard therapies. This approach also has the potential to alter the
natural history of these chronic relapsing diseases.

Prebiotics

Prebiotics are nondigestible food ingredients, which beneficially affect the
host by selectively stimulating growth, activity, or both, of selective intestinal
(protective) bacteria.111 Prebiotics are easy to administer and do not require
live bacteria. Because of these characteristics, prebiotics can be of value for
the treatment of IBD. The clinical application of prebiotics will be discussed
only briefly.
Studies using prebiotics for the treatment of chronic intestinal inflam-

mation are emerging and have been performed mostly in animal models.
Inulin and lactulose have been shown to attenuate inflammation in IL-10−/−
mice and DSS induced colitis respectively.112,113 A combination of inulin
and oligofructose (mixture 1:1) was also effective in preventing the develop-
ment of colitis in HLA-B27 transgenic rats.114 This beneficial effect was seen
in conjunction with an increase of intestinal bifidobacteria and lactobacilli.
DSS-induced colitis rats that were fed goat’s milk oligosaccharides showed
reduced clinical symptoms and increased MUC-3 expression compared with
control rats.115 Goat’s milk oligosaccharides also caused decreased colonic
inflammation and necrotic lesions in TNBS-induced colitis in rats, compared
with untreated controls.116 However, not all studies using prebiotics have
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resulted in positive outcomes. Moreau et al.117 found fructooligosacchar-
ides to be ineffective in improving DSS-induced colitis in rats, and Holma
et al.118 reported a similar inefficacy of prebiotic galactooligosaccharides in
TNBS-colitis rats.
Although there is a paucity of human studies using prebiotics, the few

emerging studies have shown that there is potential for this treatment mod-
ality. A recent randomized, double-blinded controlled trial by Furrie et al.119

examined the use of prebiotics plus probiotics (i.e. synbiotics) in 18 patients
with active ulcerative colitis. This therapy consisted of a combination of
B. longum and a prebiotic mixture of inulin and oligofructose. Sigmoidoscopy
inflammation scores were reduced in the synbiotic-treated population when
compared to placebo. Intestinal TNF and IL-1α levels were also reduced. In
addition, rectal biopsies demonstrated a reduced inflammation and more
epithelial regeneration in the synbiotic-treatment group. Inulin was also
effective in the treatment of chronic pouchitis after colectomy for ulcerative
colitis.120

In a small, uncontrolled study of 15 active Crohn’s disease patients, 21 days
of fructooligosaccharide (15 g) intake resulted in a significant decrease of
disease activity, an increase of intestinal bifidobacteria and concurrent modi-
fications of the innate immune system, such as alterations of TLRs and
increased IL-10 expression in mucosal dendritic cells.121

Other Environmental Factors

Evidence for environmental factors affecting the incidence of IBD is drawn
from the increased incidence of IBD in developed countries.1,122,123 Dietary
factors and Western public health greatly influence the incidence of Crohn’s
disease and ulcerative colitis. In addition, the incidence of IBD changes when
populationsmove betweendifferent regions. This is illustrated by the increas-
ing incidence of IBD among Japanese immigrants in the United States.124

There is also a decreased incidence of Crohn’s disease amongAshkenazi Jews
who moved from Eastern Europe to Israel.125 More evidence for the effect of
environmental factors on the incidence and prevalence of IBD is provided
by the low concordance rates in monozygotic versus dizygotic twins, as
discussed before.13

Among environmental factors that can increase the risk of IBDare smoking,
the use of NSAIDs, stress, and acute infections.124 The best example of
an environmental factor that influences IBD incidence is cigarette smoking.
The risk of ulcerative colitis is increased for nonsmokers, and especially for
smokers who have recently quit,126,127 whereas smoking increases the risk of
Crohn’s disease.128,129 When combined with oral contraceptives, almost all
IBD patients who smokewill experience exacerbation of disease. This relapse
rate is only 40% for patients who have only one of the two risk factors.130

Nonsteroidal anti-inflammatory drugs (NSAIDs) were able to induce rapid
onset chronic colitis in IL-10−/− mice within 2 weeks.131 Dietary effects on
IBD will be discussed in a separate section.
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The hygiene hypothesis claims that not only the increased incidence of IBD,
but also asthma and several autoimmune disorders correlate with improved
hygiene in the Western world. One possible explanation is offered by the
decreased exposure to commensal bacteria and parasites. These microbes
induce and perpetuate regulatory immune responses, thereby decreasing
the incidence of immunoregulatory defects. In addition, oral administra-
tion of worms, such as Trichinella suis, can induce such immunoregulatory
responses and were beneficial for the treatment of ulcerative colitis and
Crohn’s disease.132,133

Immunological Factors

The presence of pathogenic and nonpathogenic microorganisms induces
innate and adaptive immune responses and lead to the activation of a
complex gene program aimed at re-establishing host homeostasis. The ini-
tiation of innate immunity is a critical feature of host homeostasis, and
failure to regulate this response can have deleterious consequences for
the host. For example, IBD is associated with both dysregulated innate
and adaptive immune responses to luminal resident bacteria.14,134–136 The
following sections will introduce both innate and adaptive immunity
in IBD.

Innate Immune System

Macrophages and dendritic cells are the most important immune cells of
the innate immune system and are mainly located in the lamina propria
of the intestinal tract. In IBD patients, these cells have an activated phen-
otype and show an increased production of proinflammatory cytokines and
expression of costimulatory and adhesion molecules.137 Most proinflammat-
ory cytokines are upregulated in both Crohn’s disease and ulcerative colitis.
However, in Crohn’s disease, proinflammatory cytokines such as TNF, IL-12,
and IL-23 are more selectively upregulated (Figure 17.5).
T cells are activatedand stimulatedbyantigenpresenting cells (APCs), with

dendritic cells being the most important type of APC. Dendritic cells are pro-
fessional antigen-presenting cells that are mainly located at Peyer’s patches
and the lamina propria of the intestinal tract. Dendritic cells provide uptake
and processing of bacterial adjuvants. Subsequently, they get activated and
migrate to the site of inflammation to stimulate T cells. APCs interact with T
cells by means of costimulatory molecules (CD80-CTLA4), CD40-CD40 lig-
and), by presenting antigens by MHC molecules on the cell surface, and
by secretion of cytokines such as IL-6, IL-12, IL-23, IL-10, or transforming
growth factor β (TGF-β). All of these factors determine the activation state of
the T cell and the pattern of cytokine secretion. Of interest, increased numbers
of dendritic cells are observed in patients with active IBD.138
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Current cytokine paradigm in IBD. There is emerging evidence that aberrant innate immune
responses trigger excessive adaptive immune responses. Mucosal innate cytokines (orange
arrows) are primarily produced by intestinal epithelial cells, dendritic cells, and macrophages
and promote innate immune responses as an early response to luminal antigens. Cytokines that
are produced by the adaptive immune system (mostly CD4 T cells) are divided into T helper
1 (TH1), T helper 2 (TH2), or T regulatory (TR) cytokines (shown in red). Any abnormality in
either innate or adaptive immune response can lead to chronic intestinal inflammation. (With
permission of Dr. T.T. Pizarro, Cominelli F. Annu. Rev. Med. 2007;58:433–440.)

Manymembersof the innate immune systemuse toll-like receptors (TLR) as
mediators of innate immune responses.139 These pattern recognition recept-
ors are located at the cell surface (TLR), but others are also present inside
the cell (CARD15) (Figure 17.2). Bacterial components function as ligands
for TLRs. For example, their bacterial cell membrane PG-PS binds to TLR-
2, lipopolysacchararide (LPS) binds to TLR-4, and some bacterial DNA
functions as a ligand for TLR-9 (Figure 17.2).139 The binding of a bacterial
component to a specific TLR is followed by activation of a common path-
way resulting in the activation of intracellular transcription factor NF-κB.
The activation of NF-κB results in the upregulation of secretion of proin-
flammatory cytokines (IL-1β, TNF, IL-6, and IL-8), adhesion molecules,
and costimulatory molecules (CD80, CD86). All of the latter molecules are
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associated with active IBD. Blockade of TNF by neutralizing monoclonal
antibodies treats Crohn’s disease and ulcerative colitis, likely by induc-
tion of apoptosis of lamina propria T-lymphocytes.7,12,140 Also, antibodies
to IL-12p40 are able to treat active Crohn’s disease.141 Neutralizing anti-
bodies to various proinflammatory cytokines are effective in preventing
and treating chronic intestinal inflammation in several animal models of
colitis.14

Multiple immunologic functions depend on TLR signaling. For example,
lamina propria cells from wild-type mice detect pathogenic bacteria and
secrete large amounts of proinflammatory cytokines in contrast to TLR5-
deficientmice.142 In addition, transport of pathogenic Salmonella typhimurium
from the intestinal lumen to the draining mesenteric lymph nodes is also
impaired in TLR5-deficient mice, all indicating the importance of TLR-5 for
clearing pathogenic intestinal bacteria.
CARD15mutations are associatedwith aberrant innate immune responses,

but the underlying immunological mechanism is poorly understood. Trans-
genic mice carrying human CARD15 mutations demonstrated more NF-κB
activation and elevated IL-1β secretion.143 In another study, CARD15−/−
mice lacked TLR-2-driven activation of NF-κB.144 However, CARD15 defi-
ciency or the presence of a Crohn’s disease-like CARD15 mutation increased
TLR-2-mediated activation of NF-κB, whereas (T helper) TH1 responses
were increased. Thus, CARD15 mutations may lead to disease by causing
excessive proinflammatoryTH1 responses. In contrast, Marks et al.145 demon-
strated markedly reduced neutrophil accumulation and IL-8 secretion in IBD
patients that carry CARD15 mutations compared to healthy volunteers. This
impaired acute inflammatory response did not only occur in rectal lesions,
but also in skin wounds. Thus, one could hypothesize that impaired mac-
rophage function and reduced IL-8 secretion leads to reduced neutrophil
infiltration in Crohn’s disease patients. CARD15 is expressed especially in
Paneth cells, endocrine cells found deep in the intestinal epithelium of the
ileum.146,147 Interestingly, CARD15 mutations are associated with an ileal
localization of Crohn’s disease. Paneth cells secrete antibacterial peptides,
such as defensins.146 These peptides are part of the mucosal barrier system
and are important for bacterial killing. CARD15 stimulates α-defensin and
cryptidin expression,148 and can mediate intracellular bacterial killing by
stimulation of the bactericidal α-defensin and cryptidin.74 Moreover, over-
expression of CARD15 results in reduced survival of Salmonella typhimurium
in epithelial intestinal cells.74 Defective α-defensin and β-defensin expres-
sion in Crohn’s disease patients was maximal in patients with CARD15
polymorphisms.149 Of interest, daily administered granulocyte-macrophage
colony stimulating factor (GM-CSF) induced remission in 40% of moderate-
to-severe Crohn’s disease patients in a blinded randomized clinical trial.150

GM-CSF induces bacterial killing by macrophages, monocytes, and dend-
ritic cells. Thus, CARD15 mutations and defective functioning of Paneth
cells can potentially lead to defective bacterial killing. Insufficient clear-
ance of luminal bacteria can then lead to a persistent and exaggerated
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proinflammatory adaptive immune response with increased production of
TH1 cytokines.

Adaptive Immune System

Immune cells from the lymphoid lineage, which include B and T lympho-
cytes, respond to stimuli in an antigen-specific manner. This feature allows
the adaptive immune system to respond in a highly specific manner to a tre-
mendous variety of antigens present in the intestinal lumen. T cells recognize
a wide variety of antigens presented by APCs from the innate immune sys-
tem using the T cell receptor (TCR) repertoire. The TCR forms a complex
with antigens, followed by activation of a cascade resulting in the secretion of
proinflammatory cytokines by effector T cells, with distinct cytokine patterns
for Crohn’s disease and ulcerative colitis (Figure 17.5).

Crohn’s Disease

The dominant cytokine pattern in Crohn’s disease patients is categorized
as TH1 responses. TH1 responses are characterized by increased secre-
tion of interferon-γ (IFN-γ), mainly induced by IL-12 produced by APCs.
Indeed, isolated mucosal T cells from Crohn’s disease patients produce
large amounts of IFN-γ.151 T cells have been shown to be crucial to the
development of inflammation in genetically engineered colitis models. This
has been demonstrated in IL-2−/− mice,152 IL-10−/− mice,153 TCRαβ−/−
mice,154 Tgε26 mice,155 and transfer of either CD45RBhigh or T cells into
either severe-combined immunodeficient (SCID) mice156 or athymic rats,
respectively.157–159

The discovery of the TH17 pathway renewed the concept of TH1-mediated
inflammation. IL-17 mediates TH17 responses and induces the expression of
many mediators of inflammation, most strikingly those that are involved in
the proliferation, maturation, and chemotaxis of neutrophils.160 Its produc-
tion is stimulated by the secretion of IL-6, TGF-β, and IL-23 by innate immune
cells such as dendritic cells. Furthermore, IL-23 expression by ileal dendritic
cells is stimulatedby intestinal bacteria.161 IL-23 and IL-17 levels are increased
in both Crohn’s disease tissues as well as in several models of experimental
colitis.162–164 IL-17 deficiency prevented TNBS-induced colitis in mice.165 Of
importance, the IL-12/IFN-γ pathway and the IL-23/IL-17 pathway suppress
each other.160

Ulcerative Colitis

The profile of T cell responses in ulcerative colitis was mostly considered a
TH2-like profile involving secretion of IL-4, IL-5, and/or IL-13. However, the
levels of IL-4 and IL-5 in tissue from ulcerative colitis patients are variable.166

TH2 cells provide more efficient help in the activation of B cells compared
to TH1 cells. Indeed, ulcerative colitis is associated with autoantibodies such
as pANCA and anti-tropomyosin.167,168 to a greater extent than in Crohn’s
disease.
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Only a few animal models mimic a TH2 cytokine profile in experimental
colitis. For example, oxazolone-induced experimental colitis inmice is driven
by IL-13, produced by natural killer (NK) cells. Both elimination of NK-
cells and anti-IL-13 antibodies prevented the development of colitis in this
model.169 Lamina propria mononuclear cells from ulcerative colitis patients
showed increased secretion of IL-13 compared to healthy controls, and IL-13
impaired epithelial barrier function by affecting epithelial apoptosis and tight
junctions.170 Based on these observations, Fuss et al.171 postulated that ulcer-
ative colitis consists of an atypical TH2-like response mediated by APCs that
activate NK cells to produce IL-13. The IL-13 pathway could become a novel
target for the treatment of ulcerative colitis patients.

Regulatory T Cells

Tcells alsohave regulatory functions. RegulatoryT (TR) cells secrete IL-10and
TGF-β that are capable of regulating inflammatory responses (Figure 17.5).
The importance of these cytokines has been demonstrated in animal models:
TGF-β−/−mice die within 5 weeks of severe multiple organ inflammation.172

Furthermore, the absence of IL-10 leads to severe intestinal inflammation in
IL-10−/− mice.173

Several subsets of T cells contribute to regulation of immune responses.
CD4+ TR cells constitutively express CD25 on their surface and induce TH3
responses by secreting TGF-β. Although TGF-β is expressed in large amounts
in the gut, it is not able to prevent inflammation in most IBD patients.174 The
intracellular inhibitor of TGF-β, Smad7, ismarkedly enhanced in IBDpatients
and blocking Smad7 in these patients inhibits proinflammatory cytokine
secretion and reduces NF-κB activation.175,176

Studies in animal models identified the regulatory functions of CD4+
T cells. In an elegant study, Powrie et al. showed that transfer of
CD4+CD45RBhigh T cells from normal mice induced colitis in SCID mice.
Colitis could be prevented by cotransfer of CD4+ cells that express low
levels of CD45RB from normal mice.156 The same principle was shown
in the athymic rat, where the transfer of T cells expressing high levels
of the CD45 isoform, designated CD45RChigh, induced chronic inflamma-
tion in several different organ systems, whereas the severity of inflam-
mation was greatly reduced by cotransfer of a CD4+CD45RClow cell
population.157 TR cell development is mediated by Foxp3 that has been
recognized as a key regulatory gene for the development of these regulatory
T cells.177

A second example of a subset of regulatory T cells are TR1 cells that
secrete IL-10. TR1 cells inhibited colitis in SCID mice after transfer of
CD4+CD45RBhigh cells, mediated by the secretion of IL-10.178 In models of
experimental colitis, delivery of IL-10 at the site of inflammation attenuated
experimental colitis. This was demonstrated using IL-10-producing Lactococ-
cus lactis179 and by transferring IL-10 producing regulatory T cells180 to the
site of inflammation.179,181
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APCs are also able to determine the phenotype of T cells and their
immune responses in different animal models of colitis. Athymic nude HLA-
B27 transgenic rats fail to develop colitis.182 The absence of T cells in this
model prevents chronic intestinal inflammation. Adoptive transfer of T cells
induced severe colitis in nude HLA-B27 transgenic rats, but not in wild type
recipients.159 The latter study indicated that effector T cells are required
for induction of colitis, but that APCs direct T cells in their inflammatory
response.

B Cells

Until recently, the role of B cells in the mechanisms of colitis was thought
to be minor. However, recent reports showed that B cells are not merely
bystanders, but actively participate in onset and perpetuation of disease.
B cells have numerous immune functions, such as production of immuno-
globulins and cytokines, antigen presentation, and the regulation of dendritic
cell function.183–185 Similar to the distinction between proinflammatory and
regulatory T cells, B cells also have distinct functions.186 B cells are required
for the development of several autoimmune disorders by the secretion of
auto-antibodies.186 In contrast, Mizoguchi et al.187,188 demonstrated that IL-
10-producing B cells expressing CD1d are protective, since B cell/TCRαβ

double deficient mice had more colitis than TCRαβ deficient mice with com-
petent B cells. The role of B cell-secreting IL-10 was further demonstrated by
the observation that the transfer of B cells from IL-10/TCRαβ double deficient
micewas unable to suppress chronic intestinal inflammation in B cell/TCRαβ

double deficient mice.187

In another model of chronic intestinal inflammation, the HLA-B27 trans-
genic rat, B cells are the main producers of IL-10 and TGF-β.159,189,190

Cell Trafficking

Both effector and regulatory immune cells enter the intestinal tract by
migrating from the bloodstream through the endothelium to the lamina
propria.191 Adhesion molecules are located at the endothelium and func-
tion by attracting circulating immune cells. Once these immune cells are
attached to the activated endothelium, the second task of adhesionmolecules
is to direct these cells through the endothelium toward chemokine-producing
activated immune cells at the site of inflammation.137 For example, the
expression of integrin-α4β7 on the cell surface allows the T cell to bind
to the endothelium of colonic and small intestinal postcapillary venules.
These venules selectively express mucosal vascular addressin cell adhe-
sion molecules (MAdCAM) that is upregulated during inflammation and
stimulates migration of immune cells to the site of inflammation. Multiple
adhesion molecules such as CCL25192 and CCR2193 have similar functions.
Other examples involve vascular cell adhesion molecule 1 (VCAM1) and
very late antigen 4 (VLA4) and ICAM1. Upregulation of cytokines during
inflammation, like TNF, IL-1β, and IL-6, allows the increase of expression
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of these epithelial vascular adhesion molecules. Subsequently, circulating
cells like neutrophils and monocytes are able to attach to the local inflamed
blood vessel. This process is followed by bacterial adjuvant-induced local
secretion of chemokines by innate immune cells, leading to recruitment of
T lymphocytes.194

The recent progress in the understanding of cell recruitment by adhe-
sion molecules has provided newly developed treatment strategies in IBD
patients. Monoclonal antibodies to integrin α4 (NatalizumabR), which
binds both integrin-α4β7 and integrin-α4β1, was effective in treating Crohn’s
disease.195,196 Humanized anti-integrin-α4β7 antibody could also treat ulcer-
ative colitis patients.197 Unfortunately, natalizumab was associated with
several cases of progressive multifocal leukoencephalopathy induced by
the JC-virus, an observation that dampened the excitement of this new
therapeutic approach.198

Apoptosis

Apoptosis or programmed cell death of activated T cells is another regu-
latory mechanism to control the immune system. Lamina propria T cells
from normal mucosa show high levels of Fas-mediated apoptosis, and 15%
of these lymphocytes are TUNEL+, indicating a high level of apoptosis
in vivo.199,200 T cells in Crohn’s disease patients are resistant to apop-
tosis, which can potentially lead to a large population of activated effector
T cells.201–203 Anti-IL-6 therapy induces apoptosis and attenuates TNBS
colitis.203 Indeed, several therapeutic strategies in Crohn’s disease and ulcer-
ative colitis induce apoptosis of inflammatory effector T cells, including
corticosteroids, sulfasalazine, azathioprine, 6-mercaptopurine, anti-TNF, and
anti-IL-12 antibodies.141,204–208

Conclusions

Enormous progress has been made in the past decade to elucidate the
mechanisms of chronic intestinal inflammation as seen in IBD. Novel tech-
niques and the use of relevant animal models provided the tools to identify
genetic mutations, determine the role of specific subsets of immune cells
in inflammation, and map the intestinal microflora and their responses to
therapy. This chapter has summarized the current status of our under-
standing of IBD. Multiple potential mechanisms can explain the onset
and perpetuation of Crohn’s disease and ulcerative colitis. A combina-
tion of genetic, environmental, immunologic, and microbiological factors
influence these diseases. The multiple factors involved indicate that IBD
consists of a heterogeneous population of patients sharing a final common
pathway leading to chronic immune-mediated intestinal inflammation. We
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need a better understanding of the underlying molecular pathways lead-
ing to disease. Such knowledge would allow physicians to stratify patients
into disease subgroups and would lead to more rational and targeted
therapies.
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Introduction

The inflammatory bowel diseases (IBD), Crohn’s disease, ulcerative colitis,
and pouchitis, are chronic conditions of unknown etiology characterized by
persistent mucosal inflammation at different levels of the gastrointestinal
tract. Typically, thesediseases exhibit undulatingactivitywithboutsofuncon-
trolled, chronic mucosal inflammation, followed by remodeling processes
that occur during periods of remission [1]. The precise etiologies of these
chronic inflammatory conditions remain to be elucidated and, therefore,
available medical therapies can only control, to some extent, the eruptions
of disease activity, but fail completely regarding eradication or permanent
cure of such diseases. However, pathophysiological mechanisms that lead
to mucosal inflammatory lesions have been unveiled at least in part dur-
ing the past few years. These mechanisms result from complex interactions
of environmental, genetic and immunoregulatory factors. Two broad hypo-
theses have arisen regarding the fundamental nature of the pathogenesis of
IBD [2]. The first argues that primary dysregulation of the mucosal immune
system leads to excessive immunological responses to normal microbiota.
The second suggests that changes in the composition of gut microbiota

375



8171: “chap18” — 2007/12/3 — 14:25 — page 376 — #2

376 Handbook of Prebiotics

alteredDefects in mucosal 
barrier function

Genetic susceptibility
+ environmental factors

Altered
microbial gut ecosystem

Chronic intestinal inflammation

Exacerbated immune response against commensals

FIGURE 18.1
Genetic susceptibility in combination with a series of environmental factors lead to chronic
inflammatory lesions in patients with IBD.Most recent hypothesis suggests that either defects in
mucosal barrier function or altered composition and/or structure of the gut microbiota would
trigger exaggerated immune responses against someof the commensal bacteria leading to chronic
intestinal inflammation.

and/orderangedepithelial barrier function elicit pathological responses from
the normal mucosal immune system (Figure 18.1). In either case, abnor-
mal communication between gut microbial communities and the mucosal
immune system is incriminated as the core defect leading to IBD in genetically
susceptible individuals.
Within the gastrointestinal tract, the inflammatory capacity of commensal

bacteria is varied. Some resident bacteria are proinflammatory, whereas oth-
ers attenuate inflammatory responses [3–5]. Prebiotics such as inulin and
oligofructose can improve the microbial balance in the human intestinal eco-
system by increasing the number and activity of bacteria associated with
health benefits [6]. This chapter reviews experimental and clinical evidence
supporting the use of prebiotics for the prevention and control of IBD.

Bacteria and IBD

Infectious diseases are produced by specific microbial agents that possess
the capacity of transmitting the disease to susceptible individuals. An infec-
tious origin of Crohn’s disease or ulcerative colitis is not supported by
such criterion, since transmission of these diseases has never been docu-
mented. However, there is a substantial body of evidence implicating enteric
bacteria in the pathogenesis of both Crohn’s disease and ulcerative colitis.
Luminal bacteria appear to provide the stimulus for immuno-inflammatory
responses leading tomucosal injury. InCrohn’sdisease, fecal streamdiversion
reduces inflammation and induces mucosal healing in the excluded intest-
inal segment, whereas infusion of intestinal contents quickly reactivates the
disease [7]. In ulcerative colitis, short-term treatment with an enteric-coated
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preparation of broad-spectrum antibiotics rapidly reducedmetabolic activity
of the flora andmucosal inflammation [8]. The presence of bacteriawithin the
intestinal lumen is the critical condition that triggers mucosal inflammation
in IBD.
The normal mucosal defense is based mainly on the production of IgA

antibodies that are secreted to the gut lumen and neutralize microbes in the
lumen, thus avoidingmucosal inflammation [9,10]. In IBD, however, mucosal
production of IgG antibodies against intestinal bacteria is highly increased,
andmucosal defense relies on both IgG-mediated responses within the tissue
and hyperactivated lymphocytes in the lamina propria reacting against bac-
terial antigens [9–11]. These events result in inflammation and tissue injury.
The altered immune response is not specifically addressed or polarized
toward a single group of potential pathogens, but involves a large and
undefined number of commensal species belonging to the common enteric
microbiota. As mentioned, a microbial imbalance in the gut ecosystem could
explain abnormal reactivity of the mucosal immune system against enteric
bacteria.

Bacterial Communities in the Gut

The term “microflora” or “microbiota” refers to the community of living
microorganisms assembled in a particular ecological niche of a host indi-
vidual. Microbial communities act as a single ecosystem and are capable of
adapting to radical habitat alterations by altering community physiology and
composition [12]. In this way, they are able to maintain stability in structure
and function over time. The human gut is the natural habitat for a large,
diverse, and dynamic population of microorganisms, which over millennia
have adapted to live on the mucosal surfaces or in the lumen [13]. Num-
bers of resident bacteria increase along the small bowel, from approximately
104 in the jejunum to 107 colony-forming units per gram of luminal con-
tent at the ileal end. The large intestine is the most heavily populated cavity,
where several hundred grams of bacteria are harbored at densities around
1012 colony-forming units per gram of luminal content.
Our current knowledge about the microbial composition of the intestinal

ecosystem in health and disease is still very limited. Studies using classical
techniquesofmicrobiological culture canonly recover aminor fractionof fecal
bacteria. Over 50% of bacteria cells that are observed bymicroscopic examin-
ation of fecal specimens cannot be grown in culture [14]. Molecular biological
techniques based on the sequence diversity of the bacterial genome are being
used to characterize noncultivable bacteria. Molecular studies on the fecal
microbiota have highlighted that only 7 of the 55 known divisions or super-
kingdoms of the domain “bacteria” are detected in the human gut ecosystem,
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TABLE 18.1
Bacterial Composition of the Human Intestinal Ecosystem as
Assessed by Culture-Independent Techniques

Division or “Phylum” Relative Abundance

Firmicutes 77% of phylotypes

51% of sequences

Bacteroidetes 17% of phylotypes

48% of sequences

Actinobacteria 3% of phylotypes

1% of sequences

Fusobacteria 0.3% of phylotypes

0,1% of sequences

Proteobacteria 4% of phylotypes

0.5% of sequences

Verrucomicrobia 0.3% of phylotypes

1% of sequences

Cyanobacteria 0.3% of phylotypes

0.1% of sequences

The most comprehensive enumerations of microbial diversity within
the human gut have come from sequencing 16S rRNA genes.
This gene is used for taxonomic classification of bacteria (see
http://www.ncbi.nlm.nih.gov/Taxonomy/). In the study by Eckburg
and coworkers (Reference 15), the human intestinal samples contained
members of seven divisions of Bacteria (Firmicutes, Bacteroidetes, Actin-
obacteria, Fusobacteria, Proteobacteria, Verrucomicrobia, andCyanobac-
teria). Sequences define strains whereas “phylotypes”would correspond
to species level (by arbitrary convention). The genus Bifidobacterium
belongs to the Actinobacteria division.

and of these, three bacterial divisions dominate, that is, Bacteroidetes, Firmi-
cutes, and Actinobacteria (Table 18.1). However, at species and strain levels,
microbial diversity between individuals is remarkable up to the point that
each individual harborshis orher owndistinctivepatternof bacterial compos-
ition [15]. This pattern appears to be determined at least in part by host geno-
type, because similariti in fecal bacterial species is much higher within twins
than genetically unrelated couples that share environment and dietary habits
[16]. In healthy adults, the fecal composition is host-specific and stable over
time, but temporal fluctuations due to environmental factors can be detected
andmay involve up to 20% of the strains. Bacterial composition in the lumen
varies from cecum to rectum, and fecal samples do not reflect luminal con-
tents at proximal segments. However, the community of mucosa-associated
bacteria is highly stable from terminal ileum to the large bowel in a given
individual [17].
On the other hand, studies comparing animals bred under germ-free condi-

tionswith their conventionally raised counterpartshave clearlydemonstrated
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the important impact of resident bacteria on host physiology. The interac-
tion between gut bacteria and their host is a symbiotic relationship mutually
beneficial for both partners. The host provides a nutrient-rich habitat and the
bacteria confer important benefits to the host [13]. Functions of the micro-
biota include nutrition (fermentation of nondigestible substrates that results
in production of short chain fatty acids, absorption of ions, production of
amino acids, and vitamins), protection (the barrier effect that prevents inva-
sion by alien microbes), and trophic effects on the intestinal epithelium and
the immune system (development and homeostasis of local and systemic
immunity).
Animals bred in a germ-free environment show low densities of lymph-

oid cells in the gut mucosa and low levels of serum immunoglobulins.
Exposure to commensal microbes rapidly expands the number of mucosal
lymphocytes and increases the size of germinal centers in lymphoid follicles.
Immunoglobulin-producing cells appear in the lamina propria, and there is
a significant increase in serum immunoglobulin levels [18]. Most interest-
ingly, recent findings suggest that some commensals play a mayor role in the
induction of regulatory T cells in gut lymphoid follicles [19]. Regulatory path-
waysmediated by regulatory T cells are essential homeostaticmechanisms by
which the host can tolerate the massive burden of innocuous antigens within
the gut or on other body surfaces without responding through inflammation
(Figure 18.2).

TregTreg

Th1

Th2

Pathogen rejection:
inflammation
tissue injury 

loss of function

Tolerance of commensals:
preserved tissue structure

and function

Dendritic cell
instrucction of
naïve T-cell

FIGURE 18.2
The specialized lymphoid follicles of the gut mucosa are the major sites for induction and reg-
ulation of immune responses. Antigens processed by dendritic cells are presented to naive
lymphocytes in lymphoid follicles. Instruction of these naive cells by costimulatory molecules
and cytokines secreted by dendritic cells polarizes phenotypic differentiation to either T helper
(Th1, Th2, and the recently described Th17 phenotype, Reference 55) or regulatory T cells (Treg).
Proliferation of Th1, Th2, or Th17 cells results in antigen rejection with concomitant inflam-
mation, tissue injury, and variable degree of loss of function. In contrast, proliferation of Treg
cells is associated with tolerance of the antigen (no rejection), and there is no inflammatory
response.
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The Gut Microbiota in IBD

Several studieshave shown that the compositionof the fecalmicrobiotadiffers
between subjects with IBD and healthy controls [20]. Reported differences
are variable and not always consistent among the various studies. However,
molecular based studies show that a substantial proportion of fecal bacteria
(up to 30–40% of dominant species) in patients with active Crohn’s disease or
ulcerative colitis belong to phylogenetic groups that are unusual in healthy
subjects [21]. These changes could be secondary to disease activity but they
are not observed in patients with infectious diarrhea.
On the other hand, studies have shown reduced diversity of bacteria spe-

cies in both fecal and mucosa-associated communities in patients with IBD
[22,23]. Manichanh and coworkers [22] employed a metagenomic approach
for exhaustive investigation of bacterial diversity in Crohn’s disease and
found a striking reduction of Firmicutes in patients in remission as compared
to healthy controls (Figure 18.3). Reduction in bacterial diversity has also
been documented in ulcerative colitis patients [23,24]. In addition, a recent
study in individuals with quiescent ulcerative colitis followed during one
year observed that composition of the microbiota was highly variable over
time [24]. Temporal instability in themicrobiotamay be a consequence of low
biodiversity and suggests that the intestinal ecosystem in IBD may be more
susceptible to environmental influence. These findings might explain why
IBD patients have a high proportion of bacteria that are unusual in healthy
subjects.
Other interesting studies have focused on the mucosa-associated microbi-

ota. High concentrations of mucosally adherent bacteria have been observed
in patients with clinically active disease, either ulcerative colitis or Crohn’s
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FIGURE 18.3
The fecal microbiota of patients with Crohn’s disease contains a markedly reduced diversity of
Firmicutes. The graph shows data from Manichanh and coworkers [22] and represents number
of phylotypes per division in six healthy persons and six patients in clinical remission.
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disease [25]. No significant differences were found between the two clinical
entities, but the concentrations of mucosal bacteria increased progress-
ively with the severity of mucosal inflammation, and the identified bacteria
were of fecal origin. Most studies have shown a reduced presence of com-
mon anaerobes with low pathogenic potential and an increased presence
of aerobic enterobacteria able to invade. The fluorescent in situ hybridiza-
tion (FISH) technique has demonstrated bacterial invasion of the mucosa
in most colonic mucosa specimens from ulcerative colitis and Crohn’s dis-
ease patients, but not in any of the mucosal specimens from controls [26].
Invading bacteria in ulcerative colitis mucosa belonged to a great variety
of genera, including Proteobacteria, Enterobacteriaceae, Bacteroides/Prevotella
cluster, Clostridium, and sulfate-reducing bacteria. Crohn’s disease mucosal
samples harbored mainly Proteobacteria, Enterobacteriaceae, and Bacteroides
species. Mucosal invasion by Bifidobacterium or Lactobacillus species was not
detected [26]. In another study, Macfarlane and coworkers [27] investigated
bacterial colonization in rectal biopsies from ulcerative colitis patients by
culture-basedmethodologies and FISH. The authors observed that bifidobac-
teria were present in considerably lower numbers in patients as compared to
controls.
The demonstration of mucosal invasion by bacteria may explain why the

immune system responds with high titers of IgG antibodies against bacterial
antigens, as shown by several studies in IBD patients [11,28–31]. Altered
composition and/or structure of the gut microbiota would be themain envir-
onmental factor triggering immunoinflammatory responses in individuals
with genetic susceptibility for IBD.

Prebiotics and Gut Microbiota

There is evidence showing that the microbiota of patients with IBD differs
from that of healthy subjects. Differences include low biodiversity of domin-
ant bacteria, temporal instability, and changes both in composition and spatial
distribution: high numbers of adherent bacteria in the mucus layer and at the
epithelial surface. This evidence suggests that manipulation of microbial eco-
logy in the gut by pharmacological or nutritional intervention may provide
useful and effective tools for the prevention and control of inflammatory
bowel disorders.
A healthy microbiota has been considered to be one that is predominantly

saccharolytic and comprises significant numbers of bifidobacteria and lacto-
bacilli [32]. Inulin and oligofructose are carbohydrates that resist diges-
tion by intestinal and pancreatic enzymes in the human gastrointestinal
tract and are fermented by bacteria living in the intestinal ecosystem [33].
When administered in adequate amounts, these prebiotics increase sac-
charolytic activity within the gut and promote the growth of bifidobacteria.



8171: “chap18” — 2007/12/3 — 14:25 — page 382 — #8

382 Handbook of Prebiotics

TABLE 18.2

Effect of Inulin-Oligofructose on Mucosa-Associated Bacteria

Proximal Colon Distal Colon

Control Prebiotic Control Prebiotic

Total anaerobes 8.5 ± 0.2 8.6 ± 0.2 8.7 ± 0.1 8.6 ± 0.1
Facultative anaerobes 6.4 ± 0.4 5.9 ± 0.4 6.4 ± 0.3 5.9 ± 0.4
Bifidobacteria 5.3 ± 0.4 6.3 ± 0.3* 5.2 ± 0.3 6.4 ± 0.3*
Eubacteria 4.5 ± 0.3 6.0 ± 0.4* 4.6 ± 0.3 6.1 ± 0.3*
Clostridia 5.1 ± 0.3 4.9 ± 0.3 5.0 ± 0.3 4.9 ± 0.3
Lactobacilli 3.0 ± 0.1 3.7 ± 0.2* 3.1 ± 0.1 3.6 ± 0.2*
Bacteroides 8.1 ± 0.3 8.3 ± 0.2 8.3 ± 0.2 8.5 ± 0.2
Enterobacteria 6.2 ± 0.4 5.6 ± 0.4 6.4 ± 0.3 5.9 ± 0.4

Mucosal bacterial communities in biopsies from proximal and distal: from volunteers fed either
a prebiotic mixture (7.5 g oligofructose plus 7.5 g of inulin per day) for 2 weeks or not given
anything (see Reference 35). Data are logarithm counts of colony-forming units per gram of
tissue, expressed as mean and standard error (* p < .05 versus control).

Numerous studies have shown an increase in counts of bifidobacteria in
feces from subjects consuming inulin or oligofructoses [6,34]. Moreover, oral
intake of inulin and oligofructoses increases numbers of bifidobacteria and
lactobacilli in the mucosa-associated communities of the human colon. Lang-
lands et al. [35] showed that bifidobacteria and lactobacilli numbers could
be increased more than 10-fold in biopsy mucosal specimens of the proximal
and distal colons in subjects fed 15 g of a prebiotic mixture containing inulin
and oligofructose for 2 weeks (Table 18.2). Likewise, a study with ulcerative
colitis patients receiving a synbiotic preparation with oligofructose-enriched
inulin showed that counts of bifidobacteria on the rectal mucosa increased
42-fold [36].
Hypothetically, by increasing the number of “friendly” bacteria on the

mucosal surface, inulin and oligofructose could improve the barrier func-
tion in IBD and prevent mucosal colonization by aerobic enterobacteria able
to invade. This hypothesis has already been tested in a considerable number
of experimental studies using different animal models of IBD. These reports
aswell as preliminarydata fromclinical studies inpouchitis, ulcerative colitis,
andCrohn’s diseasewill be discussed in the following sections of this chapter.

Prebiotics in Experimental Models of IBD

The effect of the prebiotic inulin was tested in the rat model of colitis induced
by the chemical dextran sodium sulfate (DSS) [37]. Oral administration of
DSS over 3–5 days induces direct toxicity against colonic epithelial cells that
results in dysfunction of the mucosal barrier with increased permeability
to large size molecules [38]. These events are followed by crypt destruction
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FIGURE 18.4
Luminal pH recorded by a surfacemicroelectrode at 2.5 cm steps from cecum to rectum in control
(tap water) and inulin (tap water with inulin at 1%) rats. In control rats (solid circles), pH values
in the right colonwere below 7, whereas pHvalues in themiddle and left colonweremore than 7.
Inulin rats (open circles) showed an extended area of acidic environment, and pH values below
7 were recorded from cecum to rectum. See Reference 37 for further details (* p < .05 versus
control; #p < .05 versus cecum in the same group).

and loss of height of the intestinal villi, with subsequent bacterial invasion
and mucosal inflammation. The model exhibits clinical and morphological
features resembling human ulcerative colitis, including diarrhea and rectal
bleeding, diffuse lesions circumscribed to the mucosa, and predominance
of distal involvement of the large intestine. In the rat, daily administration
of inulin by the oral route increased counts of indigenous lactobacilli in the
cecal lumen and reduced intracolonic pH. Interestingly, inulin feeding resul-
ted in an extension of the saccharolytic area of acidic environment, often in
the right colon only, and pH values below 7 were also observed in the left
colon (Figure 18.4). In rats exposed to DSS to induce colitis, treatment with
oral inulin reduced significantly mucosal inflammatory activity. Tissuemyel-
operoxidase activity, an index of neutrophil infiltration, and mucosal release
of inflammatorymediatorswere significantly reduced in animals treatedwith
inulin as compared with controls. Furthermore, inulin-fed rats showed a
reduced extent of damaged mucosa and decreased severity of crypt destruc-
tion. Histological damage scores were significantly lower in inulin treated
rats than in controls. Treatmentwith oral inulinwas equally effectivewhether
begun prior to or during exposure to DSS.
A subsequent study investigated the effect of oligofructose and inulin

alone or in combination with probiotic bifidobacteria in the DSS model [39].
The prebiotics alone or in combination with B. infantis strains significantly
improved the disease activity indexes and decreased colonic myeloperox-
idase activity, as well as expression of inflammatory mediators like tissue
IL-1β. Interestingly, bacterial translocation to mesenteric lymph nodes and
liver decreased significantly in prebiotic treated rats compared to colitis con-
trols. Most rats with DSS colitis in the control group showed positive cultures
of mesenteric lymph nodes, and various aerobic and anaerobic species of
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TABLE 18.3
Bacterial Translocation to Mesenteric Lymph Nodes in Rats with DSS-Induced
Colitis

Group Aerobic Anaerobic Enterobacteriaceae

Control 2.61 ± 0.76 (4/6) 2.71 ± 0.80 (4/6) 1.73 ± 0.73 (3/6)
OFI 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6)
Bif 1 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6)
OFI + Bif 1 0.48 ± 0.48* (1/6) 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6)
Bif 2 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6)
OFI + Bif 2 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6) 0.00 ± 0.00* (0/6)

Treatment with oligofructose-inulin (OFI) and/or specific probiotics (Bif 1 = B. infantis DSM
15158; Bif 2 = B. infantis DSM 15159) significantly prevented bacterial translocation in rats
with DSS colitis (Reference 39). Data are logarithm counts of colony-forming units per gram
of tissue, expressed as mean and standard error. Incidence of translocation is given in
brackets as positive animals per total number of animals (* denotes p < .05 compared to
control).

intestinal origin were isolated (Table 18.3). In contrast, none of the colitic
rats treated with prebiotic showed positive culture of the lymph nodes. The
authors concluded that oligofructose and inulin as well as the Bifidobacterium
strains tested prevented bacterial invasion and had an anti-inflammatory
effect in this model.
In contrast to these studies, Moreau et al. [40] reported a different outcome

when comparing the effect of diets supplemented with either short-chain oli-
gofructose or resistant starch on mucosal inflammation as induced by DSS in
the rat. These authors evaluated the mucosal lesions induced by DSS using a
scoring system originally designed for trinitro-benzene sulfonic acid (TNBS)
induced lesions [41]. This scoring scale may not be appropriate, since TNBS
induces frank macroscopic ulcers that are large in size and deep with trans-
mural involvement up to the serosa. Lesions appear macroscopically distinct
andwell defined, with skip areas of normal mucosa. In contrast, macroscopic
lesions induced by DSS colitis are diffuse, with no defined borders or skip
areas. With light microscopy, there was diffuse epithelial damage with short-
ening of the crypts, small focal erosions, andmucosal inflammatory infiltrate
but no serosal involvement. Using the TNBS scoring system in theDSSmodel,
the authors were able to identify an anti-inflammatory effect of the resistant
starch supplemented diet that significantly reduced lesion scores compared
with the control diet. An oligofructose-supplemented diet also reduced lesion
scores, but changesdidnot reach statistical significance. Anotherunexplained
point in the design of this study is the lack of consistency regarding the
proportion of fiber supplement in the experimental diets. The proportion
was variable between groups, since resistant starch was given at 12% and
oligofructose at 6% [40].
The effect of oligofructose has also been tested in the TNBSmodel of colitis

[42]. Oral administration of oligofructose significantly reduced intracolonic
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pH, macroscopic lesion scores, and tissue myeloperoxidase activity in TNBS
treated rats. In addition, oligofructose increased the concentration of lact-
ate and butyrate as well as counts of lactic acid bacteria in cecal contents.
In subsequent ancillary experiments, this study demonstrated that a direct
intracecal infusion of lactic acid bacteria together with short-chain fatty acids
was necessary to reproduce the anti-inflammatory effects of oligofructose.
Thus, the authors concluded that fermentation of the prebiotic by lactic
acid bacteria was the principal mechanism mediating the anti-inflammatory
effect.
Further experimental work evaluated the anti-inflammatory effects of

inulin and oligofructose in the transgenic HLA-B27 rat model of spontaneous
colitis [43,44]. Rats, transgenic for the human HLA-B27–beta2-microglobulin
gene, spontaneously develop immune-mediated colitis of variable severity
at 2–4 months of age. The disease is characterized by nonbloody diarrhea
andmarked inflammatory infiltration of the cecal and colonic mucosa. These
features fail to develop, if the rats are raised under germfree conditions,
indicating the critical role of colonizing bacteria in the pathogenesis of the
inflammatory lesions [45]. A synbiotic preparation consisting of inulin and
the probiotic microorganisms L. acidophilus La-5 and Bifidobacterium lactis
Bb-12 was given in the drinking water for 2 months to HLA-B27 trans-
genic rats starting at the age of 8 weeks. At 4 months, the histological
score of colonic inflammation in rats treated with the synbiotic was sig-
nificantly diminished compared to that of control transgenic rats receiving
tap water [43]. This study investigated microbial composition in cecal stool
samples. The synbiotic preparation had an important impact on micro-
bial profiles, but the administered probiotics were below detection levels
at the end of the study period. Because of the lack of recovery of the pro-
biotics in cecal contents, the authors suggested that the prebiotic inulin
was the active compound for the anti-inflammatory effect. Hoentjen and
coworkers [44] tested a mixture of oligofructose and inulin in the same
animal model and confirmed the anti-inflammatory effects of the preb-
iotic alone without probiotics. Thus, prebiotic treatment reduced gross
morphological scores and histological grading of the lesions. In addition,
prebiotic treatment reduced the expression of proinflammatory cytokines
such as IL-1beta but enhanced expression of regulatory type cytokines
(TGF-beta).
The effects of the prebiotic lactulose have also been tested in some animal

models of intestinal inflammation. Mice deficient of the IL-10 gene spontan-
eously develop colitis. In the neonatal period, these knockout mice have a
decreased level of Lactobacillus species in the colon and an increase in adher-
ent and translocated bacteria [46]. Oral administration of lactulosewas shown
to normalize counts of lactobacilli in feces and prevented the development
of colitis. Likewise, protective effects of lactulose have been demonstrated in
theDSS and TNBSmodels [47,48]. Taken together, all these experimental data
give a strong indication of the anti-inflammatory effects of prebiotics in awide
range of animalmodels of IBD. Inulin, oligofructose, and lactulose can induce
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changes in the gut microbiota, reduce the release or expression of inflam-
matory mediators, decrease bacterial translocation, attenuate disease activity
indexes, and improve mucosal lesions associated with intestinal inflamma-
tion. Evidence gained from such studies shows promise for prebiotics as
adjuvant therapy for human chronic IBD.

Clinical Studies

Inulin was first tested in a randomized, placebo-controlled, double-blind,
crossover clinical trial in patients with chronic pouchitis [49]. This clinical
condition is characterizedbychronicmucosal inflammationof the ilealpouch-
anal anastomosis in patients that had a total colectomy. The ileal pouch is
surgically constructed to function as a fecal reservoir. The inflammatory dis-
order impairs the function of the reservoir and results in persistent diarrhea
withmucus and blood. Twenty patientswithmild disease activity entered the
trial and were randomized to begin with either placebo or inulin (24 g/day)
for 3 weeks, using a double-blinded crossover design with a washout period
of 4 weeks. Twelve grams of inulin were dissolved in 200 mL of a commer-
cially available milk-based beverage. The placebo consisted of the beverage
without inulin. Compared with placebo, 3 weeks of dietary supplementation
with inulin significantly reduced endoscopic and histological parameters of
inflammation of the mucosa of the ileal reservoir (Table 18.4). The effect was
associated with an increase in fecal butyrate and a decrease in the counts of
bacteroides in feces.
Furrie et al. [36] reported a randomized, placebo-controlled, double-blind

clinical trial in two parallel groups of patients with ulcerative colitis. Eli-
gible patients had mild disease activity and were on stable medication.
Eighteen patients were randomized to receive either a synbiotic prepara-
tion (oligofructose-enriched inulin at 12 g/day, and Bifidobacterium longum
at 200 billion cfu/day) or placebo (maltodextrin) for a period of 1 month.
Synbiotic treatment increased numbers of bifidobacteria in rectal mucosa
biopsies. This was associated with significant reductions in mucosal expres-
sion of proinflammatory cytokines (TNF-alpha, IL-1beta); expression of indu-
cible beta-defensins was also reduced. Histological examination of biopsies
showed marked decrease in inflammatory cell infiltrate and crypt abscesses
in patients receiving the synbiotic, together with improved sigmoidoscopy
scores and clinical activity indices, but differences were not significant due to
the reduced number of patients enrolled.
The effect of oligofructose-enriched inulin in patientswith active ulcerative

colitis was recently tested in a randomized, placebo-controlled, double-blind
pilot trial with two parallel groups [50]. Eligible patients had been previ-
ously in remission with mesalazine as maintenance therapy or no drug and
presented to the hospital for relapse of mild-moderate activity. They were
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TABLE 18.4
Effect of Dietary Inulin Supplementation on Pouchitis Disease Activity Index
(PDAI)

Placebo Inulin P

Clinical score
Stool frequency 0.53 (0.19) 0.47 (0.15) 0.65 (NS)
Rectal bleeding 0.05 (0.06) 0.05 (0.06) 0.10 (NS)
Fecal urgency/abdominal cramps 0.68 (0.18) 0.47 (0.19) 0.16 (NS)
Fever 0 (0) 0 (0) 0.10 (NS)
Total clinical sore 1.26 (0.29) 1.00 (0.27) 0.17 (NS)

Endoscopic score
Edema 0.16 (0.09) 0 (0) 0.08 (NS)
Granularity 0.05 (0.06) 0.05 (0.06) 1.00 (NS)
Friability 0.32 (0.12) 0.16 (0.09) 0.18 (NS)
Loss of vascularity 0.05 (0.06) 0.11 (0.08) 0.56 (NS)
Mucous exudate 0.32 (0.12) 0.05 (0.06) 0.03
Ulceration 0.58 (0.12) 0.58 (0.12) 1.00 (NS)
Total endoscopic score 1.47 (0.32) 0.95 (0.22) 0.04

Histologic score
Polymorph infiltration 1.44 (0.15) 1.11 (0.14) 0.05 (NS)
Ulceration per low-power field 1.17 (0.13) 1 (0) 0.18 (NS)
Total histologic score 2.61 (0.26) 2.11 (0.14) 0.04

Total PDAI score 5.39 (0.62) 4.05 (0.44) 0.01

Data are means and standard error of the mean, in brackets, and were published byWelters and
coworkers (Reference 49). NS = not significant.

treated with mesalazine (3 g/day) and randomly allocated to receive either
oligofructose-enriched inulin (12 g/day) or placebo (12 g/day of malto-
dextrin) for 2 weeks. Primary end point was the anti-inflammatory effect
of the prebiotic as assessed by objective, noninvasive markers of intestinal
inflammation, that is, fecal concentration of calprotectin. Calprotectin is a
protein found in granulocytes that resists metabolic degradation and can
be measured in feces. Its use as an objective and quantitative marker of
intestinal inflammation has been well validated in studies in which fecal
calprotectin levels correlated significantly with histological and endoscopic
assessment of disease activity [51]. Interestingly, the prebiotic was well toler-
ated and dyseptic symptom scores decreased significantly during treatment
with oligofructose-enriched inulin but not with placebo. At day 7, an early
significant reduction of calprotectin was observed in the group receiving
oligofructose-enriched inulin but not in the placebo group (Figure 18.5).
At the end of the study period, disease activity scores were significantly
reduced in the two groups. This study shows that diet supplementation with
oligofructose-enriched inulin is well tolerated in patients with active ulcer-
ative colitis and is associated with early reduction in fecal calprotectin. Use
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FIGURE 18.5
Concentration of calprotectin in fecal samples of ulcerative colitis patients at trial entry (day 0)
andduring treatment (days 7 and 14)with oligofructose-enriched inulin (test group: open circles)
or placebo (closed squares). Fecal calprotectin levels at days 7 and 14 were significantly lower
than that at entry in the test group but not in the placebo group (p < .05). Data are mean and
standard error of the mean (see Reference 50).

of this prebiotic may improve response to medical therapy with mesalazine,
but this point needs further investigation in a trial with adequate number of
patients.
Prebiotics have also been tested in Crohn’s disease. In a small open-label

trial, ten patientswith active ileocolonic Crohn’s diseasewere given 15 g/day
of oligofructose for 3 weeks [52]. Clinical disease activity was assessed by
the Harvey Bradshaw index [53], a validated instrument to measure disease
severity basedon thedoctor scoringof patient symptoms. All but twopatients
exhibited a decline in the index after 3 weeks on oral oligofructose, and the
group as a whole showed a significant decrease in disease activity compared
with baseline. There was a significant increase in bifidobacteria numbers in
feces but not in rectal biopsies [52]. However, as mentioned, this study did
not include a placebo-control group. A controlled study in Crohn’s disease
patients with appropriate sample size is now being performed by this group
of investigators.
Finally, lactulose has been proposed to be beneficial in treating inflammat-

ory bowel disease. A prospective cohort study with controls and patients
with Crohn’s disease or ulcerative colitis investigated colonic adaptation to
tolerable doses of the laxative lactulose [54]. The objective was to determ-
ine if a 3-week course of lactulose would decrease intestinal gas production
and symptoms in response to an acute lactulose challenge test (30 g, oral
load). Symptoms were lower in patients after the 3-weeks adaptation period,
but healthy controls adapted much better than patients. The authors sug-
gested that IBD patients are slower to adapt and therefore, clinical trials
with lactulose in IBD should be designed with a long-term follow-up
period.
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Conclusions

An altered and exaggerated immune response against some commensal
bacteria in the gut ecosystem appears to be the principal mechanism that
causes mucosal inflammation and intestinal lesions in IBD. The information
currently available does not provide an exact explanation about the origin of
this important dysfunction of the interaction between host and commensal
bacteria, but an altered microbial composition has been detected in the gut
ecosystem of patients with Crohn’s disease or ulcerative colitis. Bacteria can
influence localmucosal immune responses and cytokine signaling in different
ways. Some bacteria have been shown to downregulate mucosal inflamma-
tion. Inulin and oligofructose stimulate saccharolysis in the colonic lumen
and favor the growth of indigenous lactobacilli and/or bifidobacteria. These
effects are associated with reduced mucosal inflammation in animal models
of IBD. Strong experimental evidence supports the hypothesis that inulin
and oligofructose can offer an opportunity to prevent or mitigate intest-
inal inflammatory lesions in human Crohn’s disease, ulcerative colitis, and
pouchitis. Encouraging results have been obtained in preliminary clinical
trials.
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Breastfeeding

Breastfeeding is the gold standard for infant nutrition. Human milk
oligosaccharides (HMOs) comprise part of the functional ingredients of
humanmilk. As for most of the components of mother’s milk, the quantity of
HMOs differs betweenmothers, and also during lactation and breastfeeding.
Mother’s milk contains the highest amount of oligosaccharides on the fourth
day of lactation (20 g/L). On day 30, a decrease occurs of 20%, and on day
120, a further decrease of 40% is observed. One liter of mature human milk
contains approximately 5–10 g unbound oligosaccharides, andmore than 130
different HMOs have been identified. Both their high amount and structural
diversity are unique to humans [1,2]. Significant amounts of HMOs are fer-
mented in the colon while they are as well recovered in the feces of breast-fed
babies. HMOs have been recognized, since 1954, as a “bifidus factor.” The
first description of bifidobacteria as an essential part of gut flora in breast-fed
infants dates back to 1899. HMOs play an important role, as prebiotic sol-
uble dietary fibers with a prebiotic effect in the postnatal development of the
intestinal flora [3].

393
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However, HMOspresent inmother’smilk are only one of the reasons of the
functional aspects of mother’s milk [4]. Mother’s milk contains secretory IgA
and lysosymes, which prevent the growth of possibly pathogenic bacteria.
The intraluminal content of breast-fed infants has a low pH (in comparison
with formula-fed infants); the lower the pH, the more the growth of lactoba-
cilli and bifidobacteria is stimulated, because these microorganisms are fairly
acid tolerant. Iron is a very important micronutrient from the perspective of
flora development. The bioavailability of iron in mother’s milk is high. The
lactoferrin present in mother’s milk binds any unabsorbed iron, making it
unavailable for themetabolism of bacteria such as bacteroides and enterobac-
teria that need iron to grow. On the contrary, lactobacilli and bifidobacteria do
not need iron to grow. The additional iron in formula to obtain an optimal iron
status favors thedevelopment of clostridia and enterococci. Although it needs
to be acknowledged that addition of bovine lactoferrin to formula provides
inconsistent results, iron-free formuladoes not result in a bifidobacterial dom-
inant flora as happens in breast-fed infants. Also, protein quantity and quality
has a detrimental role: the more whey, the more lactic acid bacteria. In other
words, although the HMOs are an important factor, they are only one among
many reasons why gastrointestinal flora (development) differs in breast- and
formula-fed infants.
HMOs are considered nonimmunoglobulin protective factors in human

milk. Some HMOs resemble epithelial receptors for pathogens, and others
stimulate the intestinal flora. Anti-infective effects of HMOs as receptor ana-
logues of cell surface glycoconjugates on epithelia and endothelia have been
demonstrated and contribute toward explaining in vivo a decreased infection
incidence in breast-fed babies and an in vitro antiadhesive effect on patho-
gens [5]. It is known that formula-fed infants, in comparison with breast-fed
infants, have an increased incidence of many conditions such as cow’s milk
protein allergyand infectiousdiseases suchasgastroenteritis andotitismedia.
It is hoped that the addition of oligosaccharides to formula will bring the
clinical outcome of formula-fed infants closer to that of breast-fed infants.

Bifidobacteria

The vast majority of bifidobacteria is potentially of benefit to the host and
has been shown to contribute toward the synthesis of vitamins and digest-
ive enzymes, inhibit the adhesion of pathogens, lower pH in the immediate
environment, and simulate development of a protective immune response.
Bifidobacteria protect against enteric infections, also in a phase of insuffi-
cient immune response, and induce oral tolerance toward dietary allergens.
However, changes in the bifidobacterial population occur in allergic and
nonallergic children, with Bifidobacterium adolescentis being more prominent
in allergic individuals [6].
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Cow’s Milk Formula Feeding

Cow’s milk based formula is considered the second choice for infant feed-
ing. However, as stated above, there are major differences in the composition
of mother’s milk and cow milk. Cow milk was, and is, used as alternative
for infant feeding mainly because of its widespread availability, but needs
adaptation both inmacro- andmicronutrients in order to become adapted for
infant feeding. Differences between cow and human milk regard also func-
tional aspects such as bioavailability. Only trace amounts of oligosaccharides
are present in mature bovine milk and, as a consequence, in bovine milk-
based infant formula [2]. The discussion in this chapter will only highlight
one of these differences between human milk and cow milk: oligosacchar-
ides. It has become clear that the composition of human milk is impossible
to mimic because of its complexity and differences during one feeding, dur-
ing the day, during lactation. Therefore, the goal of researchers and industry
is not to mimic the composition of mother’s milk, but also functionality for
the infant. This is the concept of functional feeding: not that the composi-
tion is of primary importance, but effect of the food on the host is a focus of
interest.
Gastrointestinal flora (development) differs between breast- and formula-

fed infants. Following initial colonization with maternal vaginal and
gastrointestinal flora at birth (in normal born infants), a bifidobacterial-
dominant flora develops in breast-fed infants, whereas in formula-fed
infants, flora development follows a more diverse adult type. Not only does
gastrointestinal flora development differ, but also the flora in the respiratory
tract is (partially) under the influence of dietaryvariables. In 1- to 6-month-old
infants,Haemophilus influenza is almost absent (present in 2.9% of the infants)
in the throat of healthy infants, in comparison to 76% of formula fed infants
[7]. The incidence ofHaemophilus influenza inmixed-fed infants is around 43%
[7]. Another study reported colonizationwithHaemophilus influenzae andMor-
axella catarrhalis in formula-fed infants and absence of these microorganisms
in breast-fed babies [8].

Oligosaccharides

Oligosaccharides are not present in cowmilk but are the thirdmost prominent
component in human milk. As discussed above, one of the major effects of
oligosaccharides is to stimulate the development of a bifidogenic flora—seen
as positive.
As a consequence, research has focused on how to mimic gastrointestinal

floradevelopmentofbreast-fed infants in formula fed infants. The reviewhere
will focus on oligosaccharides, although there may be other ways of dietary
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intervention providing the same, or similar, results. Inulin and oligofructose
occur naturally in many vegetables, with a very high content in the chicory
root (Chicorium intybus). Chicory roots are rich sources of inulin (more than
70% on dry substance) and their amount of inulin is fairly constant from year
to year. The bifidogenic effects of inulin and oligofructose arewell established
in various population groups. The use of a combination of short and long
chain oligosaccharides (long-chain inulin) induces a bifidogenic flora over
the entire colon and in therefore frequently used.
Although different combinations of oligosaccharides have been evaluated

in pediatric research, most data in children have been obtained with a mix-
ture of 90% short-chain galactooligosaccharides (GOS) and 10% long-chain
fructooligosaccharides (FOS).Acombinationof 70%short-chainoligofructose
(OF) and 30% long-chain inulin (or FOS) has also been validated. In some
trials, only one type of oligosaccharide was used.

Formula with Oligosaccharides

As little a time ago as 2004, the ESPGHAN Nutrition Committee took the
view that no general recommendation on the use of oligosaccharide supple-
mentation in infancy as a prophylactic or therapeutic measure could bemade
[9]. However, much has changed since then.
Multiple studies have shown that addition of oligosaccharides to infant for-

mula is well accepted and tolerated, and results in a high bifidobacterial flora,
much closer to that of exclusively breast-fed infants [10]. Most evidence has
been provided for a mixture of 10% 90% GOS/LCFOS at doses of 0.4–0.8 g/
100 mL formula. An increase of bifidobacteria has been demonstrated both
in absolute number as well as percentage. This effect has been shown both
in term and preterm infants. An infant formula containing a small quantity
of oligosaccharides (0.4 g/dL of FOS) leads to rapid growth of bifidobac-
teria in the gut of bottle-fed preterm infants while decreasing numbers of
pathogenic microorganisms [11]. A mixture of 70/30 inulin/oligofructose
(4.5 g/L) resulted in a more rapid recovery of a bifidogenic flora following
antibiotic treatment [12]. Acidic oligosaccharides from pectin hydrolysate are
well tolerated as ingredients in infant formulae but may not affect intestinal
microecology [13]. Early gut bifidobacterial microbiota can be modified by
particular diets up to the age of 6 months [14]. Total numbers of bifidobac-
teria were lower among the formula-fed group than that in other groups
(p = .044). Total amounts of other bacteria were comparable between the
groups [14]. At the endof 3- and6-month feedingperiods, intestinal bifidobac-
teria and lactobacilliwere significantly increased in infants fed 0.24 g/dLGOS
supplemented formula and human milk when compared with infants fed a
negative control formula. However, there was no statistically significant dif-
ference between GOS supplemented formulae and human milk groups [15].
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Infant formula supplemented with 1.5 or 3.0 g/L FOS was safe but had a
minimal effect on fecal flora and C. difficile toxin [16]. However, oligofructose
was administered in this study for a very short period at a low dose, indicat-
ing that thedurationof oligosaccharide supplementationmight not have been
administered foraperiod“longenough”andat anamount“not largeenough”
to influence gastrointestinal flora [16]. Dose–efficacy studies and experiments
evaluating the minimal duration needed have not been performed.
The Lactobacillus species distribution in the 10%/90% GOS/LCFOS group

was comparablewith breast-fed infants, with relatively high levels of L. acido-
philus, L. paracasei and L. casei [17]. Standard formula-fed infants, on the other
hand, containedmore L. delbrueckii and less L. paracasei comparedwith breast-
fed infants and GOS/LCFOS-fed infants [17]. The intestinal microbiota of
infants who received a standard formula seems to resemble a more adult-like
distributionofbifidobacteria andcontainedrelativelymoreB. catenulatumand
B. adolescentis (2.71±1.92%and8.11±4.12%, respectively, versus0.15± 0.11%
and 1.38± 0.98% for the oligosaccharide formula group) [18]. In conclusion,
oligosaccharides added to infant formula induced a fecal microbiota that
closely resembled the microbiota of breast-fed infants, also at the level of
the different Bifidobacterium species [18]. A reduction in absolute numbers
of possible harmful bacteria was also seen. Stimulation of bifidobacteria by
oligosaccharides reduced the presence of clinically relevant pathogens in the
fecal flora, indicating that prebiotic substances might have the capacity to
protect against enteral infections [19].
There is also evidence that stool frequency and composition in healthy

infants fed prebiotic oligosaccharides is much closer to stool characteristics in
breast-fed healthy infants. Supplementation of infant formulae with 3.0 g/L
of oligofructose resulted in more frequent and significantly softer stools [16].
Stool characteristics were influenced by a supplement of 0.24 g/dL GOS [15].
There is no evidence of benefit of prebiotic supplementation of formula for
infant constipation (studies are being performed).
At the age of 1 month, stool pH is more acidic in breast-fed compared

to formula-fed infants. Several studies have consequently shown that the
addition of 0.4 or 0.8 g of the GOS/LCFOS mixture to 100 mL formula keeps
the stool pH in the formula group within the range of breast-fed infants. This
has also been shown with 0.24 g/dL GOS supplemented formula [15].
The fatty acid profile of stools differs substantially between breast-fed and

formula-fed infants, with higher acetic acid, but lower propionic and butyric
acid in breast-fed infants [20]. GOS/LCFOS not only increased the number
and percentage of bifidobacteria, but also changed metabolic activity in the
feces. In a comparative study, regular, probiotic (bifidobacteria), andprebiotic
formula (0.6 g/100mLGOS/LCFOS), the effect on acetate, L-lactate and stool
pH was much more pronounced in the pre- compared with the probiotic
group [21]. In vitro and in vivo data report that the fatty acid profile produced
by the 90%/10% GOS/LCFOS mixture were similar to those produced by
humanmilk anddiffered from infants fedwithunsupplemented formula [21].
Supplement of 0.24 g/dL GOS mimicked in formula-fed infants, fecal fatty
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acid patterns seen in breast-fed infants; acetic acidwas significantly increased
[15]. In conclusion: for infants fed formula with oligosaccharides, the pattern
of stool fatty acid becomes similar between formula and to breast-fed infants.
The majority of studies show no effect on weight and length gain, crying,

incidence of regurgitation, and vomiting, although some studies suggest a
trend always favoring the prebiotic formula group [12,22]. Supplementation
(0.24 g/dL GOS) had no influence on incidence of crying, regurgitation or
vomiting [15]. Bruzzese et al. [23] reported recently in an open trial, a reduced
incidence of both diarrhea and upper respiratory tract infections at the age
of 9 months. In boys with acute noncholera diarrhea with mild to moderate
dehydration, a mixture of prebiotic oligosaccharides was ineffective as an
adjunct to oral rehydration therapy [24].
The use of a partially hydrolyzed formula supplemented with 10%/90%

GOS/LCFOS induced a reduction in crying episodes in infantswith colic after
7 and 14 days when comparedwith a standard formula and simethicone [25].
A studywas carried out on 168 full-term infantswith digestive problems such
as regurgitation and/or constipation to evaluate the efficacy of new infant for-
mulae containing partially hydrolyzed whey protein, modified vegetable oil
with a high beta-palmitic acid content, prebiotic oligosaccharides, and starch
[26]. Infants receiving the new formula had an increase in stool frequency
between day 1 and day 7 (95% CI 0.19–1.01; p= .004) and between day 7 and
day 14 (95%CI 0.11–0.90; p= .015). A reduction in the number of regurgitation
episodes was reported between day 1 and day 7 (95% CI 0.24–1.88; p= .012)
and between day 7 and day 14 (95% CI 0.42–2.21; p= .005) [26]. Thus, a pre-
biotic mixture of GOS/LCFOS with a high beta-palmitic acid content and
partially hydrolyzed proteins may reduce digestive problems and improve
intestinal tolerance in infants during the first few months of life [26].
Bosscher and coworkers reported large differences in bioavailability of cal-

ciumand zinc inmother’smilk and standard formula (for calcium from19.6%
to 13.5%, and for zinc from 48.2% to 9.3%). Oligofructose and inulin increased
the availability of calcium to 16.7% and 17.2%, respectively. Oligofructose did
not change availability of zinc, but inulin increased zinc availability to 12.2%
[27]. Oligosaccharides might stimulate calcium absorption in formula-fed
preterm infants [28].
Although clinical data on prebiotics and immune function are still scarce,

this could be one of the major benefits. About 25% of the intestinal tract
consists of cells belonging to the immunological pathways and is lymphoid
tissue. Intimate contact betweendietary components, digestive products, and
microorganisms with the immune system of the gut is needed for the devel-
opment of the “gut associated lymphoid tissue” (GALT). Mice that receive a
diet enrichedwith 1%, 2.5%, and 5% (w/v) GOS/LCFOS show a dose-related
significantly enhanced systemic immune response type TH1 to vaccination,
suggesting that prebiotics modulates cellular immunity [29,30]. This effect
couldnot be clinically repeated in elderly personswith FOSalone [31]. During
an intervention-trialwith standard formula, 0.6 g/dL 10%/90%GOS/LCFOS
formula or probiotic (containing 6 × 109 cfu Bifidobacterium animalis
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strain BB12/100 mL) formula showed a trend towards higher fecal secretory
IgA levels with the prebiotic formula compared with standard formula-fed
infants reaching statistical significance at the age of 16weeks [32]. In contrast,
infants fed the probiotic formula showed a highly variable fecal secretory
IgA concentration with no statistically significant differences compared with
a standard formula group [32]. Two trials with only oligofructose added
to infant formula resulted in negative results with comparable response to
Haemophilus Influenza type B vaccination, weight gain, visits to the clinic,
hospitalizations, and use of antibiotics. However, infants were breast-fed in
up to 80% of the study days [33].
Moro and coworkers followed a series of 206/259 included infants with

mostly a single-parental history of atopic disease [34]. The infants were
randomly assigned to one of two extensively hydrolyzed protein formula
groups with either oligosaccharides (0.8 g/100 mL 10%/90% GOS/LCFOS)
or maltodextrin as placebo. Ten infants (9.8%; 95 CI 5.4–17.1%) in the inter-
vention group and 24 infants (23.1%; 95 CI 16.0–32.1%) in the control group
developed atopic dermatitis [34]. Severity of dermatitis was not affected by
diet. This means that the incidence of atopic dermatitis in the control group
was close to that calculated according to genetic risk. We have (unpublished)
data showing the number needed to treat (formula with 0.6 g / 100 mL
10%/90% GOS/LCFOS oligosaccharides up to the age of 6 months) to have
one infant less with one of the following conditions (asthma, hay fever, or
atopic dermatitis) at the age of 3 years is 4.7 (although differences between
both groups was not statistically significant). In our series on 215 healthy
infants breast-fed or formula-fed (standard or prebiotic formula from birth to
6 months of age), there was no difference in immunological parameters at 8
and 26 weeks (parameters determined: IgE, A, M, IFN-γ, TNF-α, IL 10, IL 5,
IL 4, IL 2, CD2/CD3, CD4, CD8, CD10, CD19, CD57, CD4/CD25, CD3/NK,
CD22, CD23, CD25, CD38, CD45, CD14, CD4/CD8). For the first time, it
was shown that the development of the immune system in healthy infants
was not different in breast-fed infants or those fed standard formula. As a
consequence, it was expected that development of the immune system with
prebiotic-enriched formula be within these normal ranges.
From the aforementioned, it is obvious that the addition of GOS/LCFOS

to formulae brings many variables in formula-fed infants closer to breast-
fed infants: a decrease in intestinal pH related to an increase of lactic acid-
producing microflora, direct antagonistic effects on pathogens, possibly as a
consequence of competition for binding on receptor sites.

Oligosaccharides in Solid Food in Older Children

The effects of prebiotic oligosaccharides in solids such as cereals and wean-
ing foods have been less studied. A mean intake of 0.74 ± 0.39 g FOS/day
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in cereals changes stool consistency: stools were less likely to be described
as “hard,” and more likely to be described as “soft” or “loose” [35]. A mean
intake of 1.2 g/day oligofructose during 6 months resulted in an adequate
growth and a reduction of emesis, regurgitation, pain of defecation, febrile
events, respiratory symptoms, antibioticuse, anddaycare absenteeism. There
was no difference in diarrhea. These findings have recently been confirmed,
showing a decreased incidence with 2 g/day oligofructose of flatulence,
diarrhea, vomiting, and fever in 6- to 24-month-old children [36].
In weaning foods, an intake of 4.5 g/day of GOS and FOS resulted also in

a trend to increase acetate, decrease propionate and significantly decrease
butyrate [37]. Calcium absorption was significantly higher in a group of
girls receiving 8 g/day a mixture of inulin and oligofructose during 3 weeks
in comparison to a group receiving the same amount of oligofructose or
placebo [38]. Amixture (“Prebio 1”) of oligosaccharides given to 8-month-old
Indonesian infants during 1 month prior to a live-attenuated measles vaccin-
ation resulted in a significantly increased antibody response to the vaccine
[39]. A multicenter study in malnourished children who received a synbiotic
with oligofructose showed improved catch-up growth due to their improved
nutritional status [40]. The synbiotic resulted in a subgroup of 3- to 5-year-
old children in a decreased number of day care absenteeism and decreased
incidence of constipation [40].

Conclusion

The addition of prebiotic oligosaccharides to infant formula has been shown
to bring gastrointestinal microbiota of formula-fed infants closer to the flora
in breast-fed infants and to be safe. The evidence for other benefits might not
(yet) be as convincing.
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Introduction

Increased life expectancy and lower rates of fertility have resulted in the phe-
nomenon of population ageing, characterized by an increase in proportion of
older people and a decreased proportion of children and young adults. This
is most apparent in the developed countries of the world; for example, in the
UK, the proportion of people over 50 years old is expected to increase from
19.8 million in 2002 to 27 million by 2031, while the proportion of those over
85 will rise from approximately 2% to 3.8% over the same period (National
Statistics, 2004).
Within the EU, it is estimated that, between 2000 and 2010, the numbers

of people in the 80+ age group will rise by 35% and that, by 2010, there
will be twice as many older people as in 1960 (69 million versus 34 million)
(Eurostat, 2002).

405
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The number of people reporting long-standing illness increases with age,
and chronic degenerative diseases become the leading causes of morbidity
and mortality in all regions of the world as individuals age (World Health
Organization [WHO] Statistics). In addition to disease status, quality-of-life
issues are of prime importance in ageing (WHO, 2001); increasing attention
needs to be paid by researchers to the nutritional status and other important
aspects affecting quality of life in older adults.
Among the diseases associated with older people, gastrointestinal dis-

orders have become priority areas for clinicians and researchers.
The process of ageing is associated with physiological and histological

changes in the gastrointestinal tract, which may have functional implications
in terms of digestion and absorption and in some cases, pathological dam-
age to the mucosa. With the increase in the ageing population in Europe and
many other developed nations, GI disorders in older people have become pri-
ority areas for clinicians and researchers. Recent studies suggest that, in older
subjects (over 65 years), disorders of the GI tract are the third most prevalent
cause of visits to GPs (Destro et al., 2003).
In this review, we consider the major disorders affecting older people and

the potential for prebiotics to alleviate or prevent the conditions, largely via
effects on the gastrointestinal microflora.

The Microflora of the Large Intestine in the Elderly

The microflora of the human gastrointestinal tract, in particular the colon,
comprises a large and diverse range of microorganisms, with over 1012 bac-
teria per gram of contents (Cummings and Macfarlane, 1991). It is, therefore,
not surprising that the activities of this microbial population can have a sig-
nificant impact on the health of the host. The microflora interacts with its
host at both the local (intestinal mucosa) and systemic levels, resulting in a
broad range of immunological, physiological, and metabolic effects. From
the standpoint of the host, these effects have both beneficial and detrimental
outcomes for nutrition, infections, xenobioticmetabolism, ingested chemicals
and cancer (Rowland, 1995; Rowland and Gangolli, 1999).
There have been extensive studies on the changes in intestinal microflora

with age, although these have almost exclusively focused on the dramatic
changes occurring during early life particularly during weaning. Modific-
ation of the microflora during later life has until recently received little
attention. The first study in this area was that byMitsuoka (1992), who repor-
ted that elderly adults had fewer bifidobacteria and elevated numbers of
clostridia and lactobacilli in feces than younger adults. However, this study
was conducted with classical microbiological methods (culturing of viable
bacteria on selective and nonselective media), and there is now evidence that
suchmethods grossly underestimate both numbers andmicrobial diversity in
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TABLE 20.1

Increase in Microbial Diversity with Age

Subjects
(Number)

Number of
Clones

Number of
Species

% Described
Species

Infants (2) 164 15 70
Adults (5) 619 160 19
Elderly (1) 280 168 8

Source: From Blaut M, Collins MD, Welling GW, Dore J, van
Loo J, de Vos W (2002). British Journal of Nutrition, 87, (Suppl.
2), S203–S211.

the humangut (Table 20.1). Currently, there are anumber of studies being con-
ducted on the fecal flora during ageing usingmore sophisticated and accurate
molecular methods of analysis, in particular, those exploiting 16S ribosomal
RNA sequences and PCR (Blaut et al., 2002). Such methods indicate that
less than 25% of the molecular species found in adults correspond to known
organisms (Suau et al., 1999). Sequence analysis of over 280 clones from a
single elderly person’s fecal sample showed that the flora was even more
diverse than that of a young adult. Furthermore, the proportion of unknown
molecular species was much higher among the clones derived from the older
subjects, and 22% of the flora comprised species outside the major groups
found in younger adults, namely Bacteroides/Prevotella, Clostridium coccoides,
andClostridium leptum groups (Blaut et al., 2002). A somewhatmore extensive
study of the fecalmicroflora of humans in different age groupswas conducted
by Hopkins et al. (2001), who compared, using conventional microbiological
and molecular methods, children (16 months–7 years), adults (21–34 years),
and healthy elderly subjects (67–88 years). Although total bacterial counts
were similar in all three age groups, bacterial composition varied consider-
ably. Most notably, bifidobacterial numbers were significantly lower in older
people; in three of the four subjects, numbers of bifidobacteriawere undetect-
able or very low. However, in the final elderly subject, very high numbers
(approximately 1010/g feces) were detected. Data from 16S rRNA analyses
confirmed the results obtained by conventional bacteriology.
The same researchgroup recently reporteda further study inwhich the fecal

microflorasofhealthyyoungadults (19–35years), healthyelderly (67–75), and
hospitalized antibiotic-treated elderly subjects (73–101years)were compared.
In this study, only conventional microbiological methods were employed
(Woodmansey et al., 2004). The results showed again that total anaerobe
numbers remained relatively constant with age, although, as before, indi-
vidual bacterial genera changed markedly. Reductions in both numbers and
species diversity of bacteroides and bifidobacteria in both the health and hos-
pitalized elderly groups were seen. In particular, bifidobacterial populations
showedmarkedvariations in thedominant species, withBifidobacterium angu-
latum and B. adolescentis being isolated from older people and B. longum,
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B. catenulatum, B. boum, and B. infantis being detected only in the healthy
young subjects. Other differences in the intestinal ecosystem in elderly sub-
jects were observed, with alterations in the dominant clostridial species in
combination with greater numbers of facultative anaerobes. It is not clear
why this study showed decreased species diversity in the fecal flora of older
subjects, although it may be related to the methodology used (conventional
microbiology rather thanmolecularmethods) or to the studybeing conducted
in a different location to the Hopkins et al. (2001) investigation.

Nutritional Approaches: Modification of Gut Microflora by Probiotics
and Prebiotics

It has been suggested that the decline in fecal bifidobacteria numberswith age
plays a role in the increased risk of infections and some chronic degenerative
diseases in older people. For example, there is evidence that bifidobacteria
exert inhibitory effects on potential pathogens such as Clostridium difficile and
may be involved in colonization resistance and immune function (Yamazaki
et al., 1985; Gibson and Wang, 1994). There are also studies that demonstrate
reduced precancerous lesions and tumors in the colon of laboratory animals
given strains of bifidobacteria (Reddy and Rivenson, 1993; Rowland et al.,
1998).
An implication of this theory is that it should be possible to restore at

least in part the original balance of the microflora by supplementing the diet
with probiotic bifidobacteria or bifidogenic products, that is, prebiotics such
as nondigestible oligosaccharides (NDOs), which selectively stimulate the
growth of bifidobacteria in the gut.
There is extensive evidence thatNDOsmodulate the composition of the gut

microflora in adults. This has beenobserved in a largenumber of dietary inter-
vention trials (reviewed by Roberfroid, 1993). There is evidence from some
studies that the stimulatory effects of prebiotics on bifidobacteria numbers in
the gut are more apparent when the initial levels are low (Tuohy et al., 2001),
suggesting that prebiotics would be particularly effective in older people. To
date, however, there have been few reported studies in this area. Kleesen et al.
conducted a study in which groups of 15 and 10 patients received lactose or
inulin, respectively, for a period of 19 days (20 g/day fromdays 1 to 8, increas-
ing gradually to 40 g/day fromdays 9 to 11, thenmaintained at this level until
day 19). Despite considerable interindividual variations, inulin was found to
increase bifidobacteria significantly from 7.9 to 9.2 log10/g dry feces, and to
decrease enterococci in number and enterobacteria in frequency. Further stud-
ies on the effects of pro- and prebiotics in older people are in progress. Over
the coming years, work from the recently completed EU project Crownalife
(http://www.crownalife.be)will serve to shed further light on age-associated
changes in the microflora and the effects of pre- and probiotics on microflora
composition and gut function in an elderly population. Preliminary stud-
ies using fecal water activity as a biomarker have revealed an age-related
effect on mucosal barrier function (Gill et al., 2007), and there is evidence
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that this can be ameliorated by administering pro- and prebiotics (Gill and
Rowland, unpublished observations, 2007). Impairment of barrier function is
considered to be important in enteric infections, inflammatory disease, and
cancer (Gill and Rowland, 2003).

Diarrhea

Diarrhea is an important problem worldwide and is of special concern
for older people—about 85% of mortality associated with diarrhea in the
developed world involves the elderly (Gangarosa et al., 1992). Diarrhea can
be acute (less than 14 days duration and usually caused by enteric infections),
persistent (lasting more than 14 days), or chronic (lasting 30 days or more).
It can be classified into osmotic, inflammatory, and secretory diarrhea (Hoff-
man and Zeitz, 2002). Osmotic diarrhea is due to the presence in the gut
of nonabsorbable solutes and may be caused by abnormalities in digestive
processes, for example, celiac disease, lactose intolerance, or pancreatic insuf-
ficiency or due to ingestion of substances such as antacids, foods containing
osmotically active materials such as the sugar-substitute sorbitol and osmot-
ically active laxatives like lactulose. Secretory diarrhea is a consequence of
disturbed intestinal electrolyte transport in the gut; the most common causes
being enteric infections, food borne toxins, diabetes, excessive use of laxat-
ives/diuretics, and alcohol. Food allergies also fall into this group but are a
much rarer cause. Diarrhea associated with inflammatory conditions such as
Crohn’s disease and ulcerative colitis) is less common.
Although, there is considerable evidence that diarrhoea in infants (mainly

rotavirus diarrhea) and in antibiotic-treated patients can be alleviated and
preventedbyadministrationof certainprobiotics (Pathmakanthan et al., 2000;
Mcfarland 2006) the few studies that have been performed with prebiotics
haveyielded inconsistent results. Two large scale interventionswithFOShave
been conducted by the same research group but with different protocols. The
first of these placebo controlled, randomized, double blind trials (Lewis et al.,
2005a), involved 435 hospital patients (>65 years old) prescribed a broad
spectrum antibiotic 24 h prior to being allocated to either FOS or sucrose
(12 g/day). These were consumed for during antibiotic treatment and for
1 week afterwards. Subjects were then followed up for a further week since
C. difficile associated diarrhoea occurs within 14 days of antibiotic treatment.
The subjects on FOS showed a significant increase in faecal bifidobacteria
counts indicating good compliance with the treatment. Of the 435 subjects
116 developed diarrhoea, of which 49 tested positive for C. difficile toxin,
however therewereno significantdifferences betweenFOSandplacebo. Thus
in this study FOSdid not protect elderly patients treatedwith broad spectrum
antibiotics from AAD, whether or not associated with C. difficile.
The second study (Lewis et al., 2005b) focused specifically on C. difficile

diarrhoea and investigated the effect of FOS on relapse of the diarrhoea after
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antibiotic treatment, which occurs in about 10–20%of patients. The studywas
a randomized double-blind, placebo controlled design in which 142 adult
patients withC. difficile associated diarrhoea (treatedwithmetronidazole and
vancomycin) were allocated to FOS or sucrose (12g/d). The treatments were
taken as soon as possible after diagnosis until 30 d after diarrhoea ceased,
with a further 30 d follow up. Relapse occurred in 30 patients after about
18 days and was more common in subjects on placebo (34.3%) than those
taking FOS (8.3% P < 0.001). The length of stay in hospital was also reduced
in those on FOS.
Orrhage et al (2000) compared the effect of prebiotic and synbiotic treat-

ments on faecal microflora and C. difficile carriage in a placebo-controlled,
parallel design study. Three groups of 10 healthy subjects (21–50 years) were
given oral cefpodoxime proxetil for one week. Group 1 was given a placebo
milk, group 2 the same milk with 15 g FOS/d and group 3 consumed a syn-
biotic comprising 15 g/d FOS and a fermented milk providing B. longum
BB536 (2–10 × 1010 cfu/d) + L. acidophilus NCFB 1748 (10–15 × 1010 cfu/d).
The milks were consumed together with the antibiotic treatment for 3 weeks.
In the placebo and prebiotic-treated volunteers, 6 out of 10 subjects in each
group were colonized by C. difficile and half were cytotoxin positive. In con-
trast, in the synbiotic group, only 1 subject harboured detectable numbers of
C. difficile and only at one sampling occasion.

Constipation

Bowel dysfunction is a major problem for older people, with constipation
being one of their commonest complaints. Although constipation is often
defined clinically as fewer than three bowel movements a week (Whitehead
et al., 1989), inpractice, it covers awide rangeof reported symptoms including
straining, hard stools, pain, and incomplete evacuation, even though bowel
movements may be within the physiological norm (Potter, 2003).
Probably, because of these inconsistencies in the use of criteria to define

the condition, estimates of the prevalence of constipation vary considerably
between 2% and 34% (Garrigues et al., 2004; Higgins and Johanson, 2004).
Some, but not all, studies indicate a relationship between age and constipa-
tion prevalence. A recent systematic reviewofAmerican studies revealed that
four out of six found an increase in constipationwith age (Higgins and Johan-
son, 2004), although a cross-sectional survey in Spain found no relationship
(Garrigues et al., 2004).
Side effects of constipation include hernias, loss of appetite, GI obstruction,

and inflammation (Alessi, 1988; Dahl et al., 2003), and furthermore, constipa-
tion has a negative impact on quality of life, places great strain on carers, and
generates significant health care costs Higgins and Johanson (2004).
The pathophysiology underlying constipation in older people is complex

and is thought to include alterations in neural innervation, smooth muscle
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activity, and neuroendrocrine function, resulting in changes in colonic transit
time, difficulty in defecation, and changes in rectal sensation (Potter, 2003).
Constipation has also been reported as an adverse side effect in the use of
a number of drugs, in particular, opioids, diuretics, antidepressants, anti-
histamines, antispasmodics, anticonvulsants and aluminum antacids (Talley
et al., 2003). In this context, it should be noted that the UK National Diet
and Nutrition Survey reported that in free living, older age groups, 75% of
men and 79% of women were taking medications. These figures rise to 97%
and 92%, respectively, when those living in institutions are considered (Finch
et al., 1998).
The complex and varied etiology of constipation in older people suggests

that nutritional solutions may be too simplistic an approach, however, diet-
ary remedies represent a less invasive strategy than enemas and laxatives,
with minimal side effects, and there is some evidence that dietary fiber,
nondigestible oligosaccharides and probiotics may be effective.
Arandomizedplacebocontrolled trial in elderlyhospitalizedpatientsgiven

a 150 mL portion of yoghurt containing lactitol, guar gum and wheat bran
twice daily reported a significant increase in fecal output compared with a
control yoghurt without fiber (Rajala et al., 1988). Dahl et al. (2003) demon-
strated that the addition of modest amounts of finely processed pea fiber
(4 g fiber/day) to various foods for elderly subjects in long-term residential
care significantly increased the frequency of bowel movements and reduced
laxative use.
It is clear that the type of nondigestible carbohydrate selected can have

a major impact on the extent of laxation. In studies of the effects of carbo-
hydrates on fecal bulking in healthy subjects, it has been shown that wheat
bran (insoluble fiber) increases stool weight by 5 g/g carbohydrate con-
sumed (Cummings et al., 1992), whereas soluble fiber in the form of pectin
and guar gum has relatively minor effects (1–2 g increase in fecal weight/g
carbohydrate (Cummings et al., 1976). Resistant starch and nondigestible oli-
gosaccharides induce increases in stool weight of 1.5–2.2 g/g carbohydrate
(Cummings et al., 1992; Gibson et al., 1995; Heijnen et al., 1998).
It is not clear whether the changes in microflora apparent in older people

(noted above) are causally related to constipation, but it is known that changes
in intestinal flora can alter intestinal motility (Huseby et al., 2001), and the
short-chain fatty acids produced by bacteria in the gut can influence transit
time (Scheppach, 1994). A potential approach to relieving constipation is,
therefore, to increase the numbers of bifidobacteria using probiotics or pre-
biotics. A number of clinical trials have been conducted with conventional
and probiotic-enriched yogurts and fermented milks in elderly subjects with
constipation. These have been reviewed in detail by Pathmakanthan et al.
(2000). Of the seven studies, five showed significant laxative effects and one
showed a significant improvement in transit time. In general, other similar
studies in younger subjects supported these results.
The widely used laxative, lactulose, has prebiotic effects, as it is not diges-

ted bymammalian disaccharidases and stimulates numbers of bifidobacteria
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in the colonic flora that catabolize it to short-chain fatty acids, creating an
osmotic effect (Kot and Pettit-Young, 1992). There are reports that other preb-
iotics suchas fructooligosaccharides, galactooligosaccharides, and inulinmay
also exert mild laxative effects although in most studies to date the effects do
not reach statistical significance (Macfarlane et al., 2006).
For example, Kleesen et al. (1997) found some subject-to-subject variation

in their study comparing lactose and inulin given to 15 and 10 elderly subjects
(respectively) in dosages of 20 g increasing to 40 g/day for a total of 19 days,
but inulin had the more effective laxative action.
Teuri and Korpela (1998) conducted a double-blind cross-over study in 14

female subjects, age range 69–87 years, who suffered from constipation. The
subjects ingestedeither twocontrolyoghurtsor twoGOS-containingyoghurts
daily for 2 weeks (daily GOS dose 9 g). The defecation frequency per week
was higher during the GOS period (7.1) than that during the control period
(5.9), and GOS seemed to make defecation easier (p = .07) but had no stat-
istically significant effect on the consistency of feces. There was considerable
interindividual variation.

Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is a highly prevalent disorder associated with
a wide range of symptoms, including abdominal pain or discomfort, loose
or hard stools, flatulence, and bloating. It does not appear to be a disorder
related to ageing, and epidemiological evidence indicates that prevalence
actually declines with age, although it remains common in elderly people
(Bennett and Talley, 2002). Generally, treatment of IBS in older people is
focused on drugs, rather than nutritional approaches. Increased fiber intake
with adequate fluids may help patients with constipation, although symp-
toms of bloating may be aggravated (Bennett and Talley, 2002). The ability
of various probiotics, including Lact plantarum v299, Bif. infantis 35624 Lact.
reuteri and Lact acidophilus, to ameliorate the symptoms of IBS have been
studied in nine randomized placebo controlled trials, over 1–6 months, with
variable results. Studies on prebiotics are much more limited.
Hunter et al. (1999) conducted a double-blind, placebo-controlled cross-

over trial in 21 subjects (14 with diarrhea and 7 with constipation) given
short-chain fructooligosacchardes (3 × 2 g/day) or sucrose) for 4 weeks. No
significant changes in any of the measured endpoints (fecal weight, fecal
pH, transit time, and breath hydrogen) were detected. Colecchia et al. (2006)
reported an open, multi-center trial (approximately 36 days) on short-chain
fructooligosaccharide plus Bif. longum W11 without placebo control in 636
patients, male and female, 18–80 years with constipation type IBS (Rome II
criteria). The dose of synbiotic was low (3 g/day), but improvements in
stool frequency were detected 2.9± 1.6 times/week to 4.1± 1.6 times/week.
However, there were also significant changes in the frequency of bloating
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(3–27%) andabdominal pain (8–44%) in the group initially classified ashaving
“no symptoms” (p < .0001). In themore severe symptoms classes (moderate–
severe), symptom frequency dropped significantly from 62.9% to 9.6% and
from 38.8% to 4.1% for bloating and abdominal pain, respectively.

Colorectal Cancer

Ageing is themajor risk factor for development of colorectal cancer: the incid-
ence increasesdramaticallywithage, from10per 100,000 at 40years to 345and
235 per 100,000 at 75 years for men and women, respectively. Within Europe,
North America, Australia and New Zealand, colorectal cancer is the second
most common cancer after lung and breast (Boyle and Langman, 2000).
Colorectal cancer is considered to develop via a sequence of changes to nor-

mal mucosa involving hyperproliferation, adenoma formation and growth,
and finally carcinoma. Extensive studies on colorectal cancer have identi-
fied specific genetic changes in various proto-oncogenes, tumor suppressor
genes and DNA mismatch repair genes, as well as alterations in DNA
methylation status and inherited genetic defects. In this adenoma-carcinoma
sequence, at least five to seven major molecular alterations need to occur
for a normal epithelial cell to proceed to carcinoma (Fearon and Vogelstein,
1990).
Epidemiological evidence suggests that diet plays a significant role in

the etiology of colorectal cancer. However, identifying conclusively, which
constituents exert an effect on risk has been more problematic owing to
inconsistent data (reviewed by Heavey et al., 2004). Dietary fiber intake has
been identified in a large body of epidemiological and experimental studies
to be associated with reduced risk (reviewed by WCRF, 1997 and Depart-
ment of Health, 1998), although even here, a number of large prospective
studies in Finland, Sweden, and the United States found no protective effects
(Fuchs et al., 1999; Pietenen et al., 1999). Furthermore, intervention trials with
fiber supplements had no effect on recurrence of colorectal polyps (Alberts
et al., 2000; Bonithon Kopp et al., 2000). However, the European Prospect-
ive Investigation into Cancer and Nutrition (EPIC), a large (500,000 subjects)
observational study in ten European countries reported an adjusted relative
risk of 0.58 for the highest (33 g/day) versus lowest (12.6 g/day) quintiles
of fiber intake with a significant trend across the quintiles and a prediction
of an 8% reduction in risk for each quintile intake of fiber (Bingham et al.,
2003). No particular source of fiber was significantly more protective than
another.
Studies in animal models provide evidence that pro- and prebiotics can

beneficially influence various stages in the initiation and development of
colon cancer. There is, however, limited evidence from epidemiological stud-
ies for protective effects of products containingpro- andprebiotics in humans,
but recent dietary intervention studies in healthy subjects and in polyp and
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cancer patients have yielded promising results on the basis of biomarkers of
cancer risk (decreased cell proliferation and reduction in DNA damage in
rectal biopsies) and in terms of grade of colorectal tumors (Ishikawa et al.,
2005; Rafter et al., 2007).

Immune Function

Ageing is associated with deterioration and dysregulation of immune func-
tion, which has an impact onmorbidity andmortality in the elderly. (Pawelec
and Solana, 1997). The decline in immune function is associated mainly with
changes in T cell population, although many other parts of the immune sys-
tem are also affected (Pawelec et al., 1999). Low-level chronic inflammation
also contributes to immunedysfunction in the elderly (Franceschi et al., 2000).
Ageing is also characterizedby chronic low-level inflammationdue to overex-
pression of many proinflammatory cytokines (Franceschi et al., 2000). There
is considerable interindividual variability in immune function in the elderly,
probably as a consequence of genetics, environment, general health, and
nutritional status.
A number of studies have reported that probiotics stimulate the immune

system in elderly subjects. For example, Gill et al. (2001) showed that
3-week supplementation with Lb. lactis HN019 in elderly healthy volunteers
significantly increased levels of total lymphocyte counts, counts of CD4+ and
CD25+ cells, and NK cell activities.
Studies of the effect of prebiotics on immune function in older

people, however, are limited and have given inconsistent results. Guigoz
et al. (2002) conducted a 3-week intervention with 8 g/day short-chain
fructooligosaccharides (“Actilight”) in 19 elderly nursing home patients.
Blood and fecal samples were taken before, immediately after, and 3 weeks
after FOS, but there was no concurrent placebo control. Fecal bifidobacteria
counts increased after 3 weeks supplementation and were associated with a
significant increase in percentage of peripheral T lymphocytes and lympho-
cyte subsets, CD4+, CD8+T cells. Total number ofwhite blood cells, activated
T lymphocytes and natural killer (NK) cells were not affected by the ingestion
of FOS. Unexpectedly, there were changes in nonspecific immunity namely
decreased phagocytic activity of granulocytes and monocytes, as well as a
decreased expression of interleukin-6 mRNA in peripheral bloodmonocytes,
suggesting a possible decrease in inflammatory process in elderly subjects
after FOS supplementation.
Bunout et al. (2002) investigated the effects of a prebiotic mixture on the

immune response in healthy elderly people (70 years and older). The sub-
jects (n = 66) were randomly assigned to the prebiotic mixture (6 g/day of
a mixture of 70% short-chain [‘Raftilose’] and 30% long-chain [‘Raftiline’]
fructooligosaccharide) or placebo (6 g of maltodextrin powder). Two weeks
after the start of the study, all subjects were vaccinated with influenza and
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pneumococcal vaccines. No changes in serum proteins, albumin, immuno-
globulins, and secretory IgA were observed at 8 weeks. Antibodies against
influenza B and pneumococcus increased significantly fromweeks 0 to 8, but
no significant differences between groupswas seen. Antibodies against influ-
enza A did not increase in either group. No effects of prebiotics on IL-4 and
interferon-gamma secretion by cultured monocytes were observed.

Conclusions

The words of the Irish writer Jonathan Swift (1667–1745) “Every man desires
to live long, but no man would be old” are especially relevant today. The
increase in longevity and its impact on the age profile of the population place
a financial burden on health services and create a demand by the public for
ways tomaintain quality of life into old age. It is clear that diet is an important
determinant of disease risk in the elderly and there is emerging evidence
that prebiotics can have an impact on a number of gut-related diseases and
dysfunctions associated with ageing.
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Introduction

All livestock and companion animals have intestines and intestinal microbi-
ota. The composition of the microbiota is dynamic and ecologically diverse,
with large differences between different host species.
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Beneficial intestinal bacteria provide several advantages to their host.
They form an efficient barrier against invading gastrointestinal pathogens
(Hentges, 1992). Little is knownabout theprimordial bacterial species provid-
ing this barrier effect. Moreover, these key species vary between different
animal species. However, there is consensus regarding the basic mechanisms
involved in limiting pathogens: competition for nutrients and attachment
sites on the intestinal mucosa, production of antimicrobial compounds like
bacteriocins, the production of short chain fatty acids (SCFA), resulting in
a lowering of intestinal pH and stimulation of the immune system all play
a role (Raibaud, 1992). Beneficial effects of prebiotics are not only limited
to the gut itself but also provide systemic effects such as modulation of the
immune system, interaction with lipid metabolism in the liver, modulating
serum cholesterol levels, modulation of satiety via interaction with incretins
such as GLP1, suppression of markers related to carcinogenesis, etc.
Thus, prebiotics in animal feedstuffs selectively stimulate beneficial intest-

inal microbiota, resulting in an array of intestinal and systemic effects. It is
the purpose of this chapter to compile current knowledge regarding the use
and the effects of prebiotics in animal nutrition.

Prebiotics in Animal Nutrition

The term prebiotics was first coined in 1995 and defined as “nondigestible
food ingredients that beneficially affect the host by selectively stimulating
the growth and/or activity of one or a limited number of bacteria in the
colon” (Gibson and Roberfroid, 1995). Although prebiotic properties have
been attributed to various compounds, only those, which meet the critical
point of the definition, being selective fermentation within the gut microflora
by what are considered to be beneficial genera (Gibson et al., 2004), will be
described in the following section.

Inulin and Oligofructose

Inulin is composed of a set of molecules of sucrose of which the fructose
moiety is substituted with a linear chain of β(2-1) fructans ranging in length
between 1 and about 65 fructose moieties. Oligofructose (OF) is a partial
enzymatic hydrolysate of inulin. Typically, chicory fructan chains with a
degree of polymerization (DP) below 10 are highly soluble in water (>80%),
are rapidly fermented, and interact significantly in a selective manner with
the intestinal flora. Chains that are longer than DP 10 are slower fermen-
ted and hence arrive in more distal parts of the intestine and do not so
explicitly change composition of the intestinal flora. Chicory inulin, as extrac-
ted from chicory roots, contains 30–50% chains with DP< 10; the rest are
longer chains. Oligofructose is 100% composed of chains with DP < 10.
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This distinction is important in animal nutrition: according to the intestinal
architecture of the host (which is characterized by volume of the different
compartments, oro–anal transit time and the density of microbiota of each of
the compartments) or according to the organ, which is specifically targeted
(small intestine, cecum, and colon), either a short chain oligofructose can
be used, or inulin, which also contains an important fraction longer chains.
The terms oligofructose (OF) and fructooligosaccharides (FOS) are often used
interchangeably, as the products they refer to are similar and the nutritional
effects they exert are identical. However, it is more correct to refer to OFwhen
onemeans partially hydrolyzed inulin, extracted from plant roots, while FOS
is the name of a product, which is artificially synthesized out of sucrose by
transfructosylation.
Like in human food, most of the inulin commercially available today is

extracted from chicory roots. Chicory fructans for animal nutrition typically
contain more than 70% inulin, some lower sugars, organic acids, protein
fragments, andminerals. For those animal nutrition applications wheremore
purified fractions are required, human nutrition production lines, involving
demineralization and decolorization are used.

Galactooligosaccharides and Transgalactooligosaccharides

Galactooligosaccharides (GOS) are present in milk. Their chemical structure
is glucose α1-4 [β galactose 1-6]n, with n = 2–5. Commercially avail-
able GOS may also be produced synthetically from lactose syrup using
β-galactosidase (Kolida et al., 2000). Transgalactooligosaccharides (TOS) are
produced by β-galactosidases having transgalactosylation activity. Depend-
ing on the enzymes and conditions used in the reaction, glycosidic linkages
between two galactose units are mainly β-(1-4) linkages (4’-TOS) or β-(1-6)
linkages (6’-TOS) (Sako et al., 1999).
GOS have been shown to be readily fermented by bifidobacteria and lacto-

bacilli, and this bifidogenic nature has been confirmed in rats (Holma et al.,
2002).

Lactulose

Lactulose is a disaccharide galactose–fructose isomerization product derived
from lactose. It is traditionally used as a laxative in the treatment of constipa-
tion in humans (Tuohy et al., 2005). In humans, small doses of lactulose have
been shown to act as a prebiotic, increasing colonic numbers of bifidobacteria
(Tuohy et al., 2002).

Mode of Action of Prebiotics

Prebiotics beneficially interact with the physiology of animals by select-
ively stimulating favorable microbiota in the intestinal system. By doing so,
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prebiotics result in increased concentrations of SCFA, especially butyrate,
which is the preferred energy source of colonocytes (Roediger, 1995) and
which stimulates gut integrity. Increased concentrations of SCFA also lower
the intestinal pH, which is associated with a suppression of pathogens and
increased solubility of certain nutrients. SCFA resorption may also modulate
certain systemic physiological processed, such as glucose metabolism in the
liver (Hesta et al., 2006).
Furthermore, prebiotics result in the competitive exclusion of pathogens

by increasing numbers of microbiota that are associated with a healthy host.
Thesemicrobiota can produce a variety of bacteriocins, whichmay also result
in reduced pathogen numbers. Beneficial bacteria such as bifidobacteria also
have effects on the systemic immune response, for example, on promotion
of macrophages, stimulation of antibody production, and antitumor effects
(Bornet and Brouns, 2002).

Prebiotics in Livestock

Introduction

The success of the livestock industry depends on a broad spectrum of eco-
nomic parameters. Rational farmers are focussing on high production at low
costs. Thus, they are aiming to keep feed cost and feed conversion ratio, rep-
resenting theamountof feedneeded toobtaina certainamountofweightgain,
as low as possible. Of course, disease prevention and reduction of mortality
are very important to achieve good results.
The use of prebiotics in animal production lies in the improvement of

economic results. Theyhave also been extensively studied aspossible replace-
ments for antimicrobial growth promoters, which have been banned in the
European Union since 2006. The following text will review the opportunities
of prebiotic compounds in pigs, poultry, cattle, rabbits, and aquaculture.

Pigs

Incorporations of prebiotic oligosaccharides into pig feeds have resulted in
mixed but generally nonsignificant effects regarding beneficial modulation
of microbial populations in various intestinal segments and feces of swine
(Flickinger et al., 2003a; Mikkelsen et al., 2003; Loh et al. 2006; Mountzouris
et al., 2006). However, some authors have demonstrated significantly
increased bifidobacteria, lactobacilli, and enterococci in the presence of pre-
biotics (Smiricky-Tjardes et al., 2003; Shim et al., 2005; Tzortzis et al., 2005).
For inulin and oligofructose, this discrepancy may be caused by different
basal diets fed to pigs: pig diets often are very rich in wheat and wheat by-
products, which are someof the richest natural sources of short-chain fructans
(Van Loo et al., 1995). Thus, supplementation of pig diets with prebiotics can
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bemaskedby the naturally occurringfiber. However, Loh et al. (2006) showed
that inulin affected intestinal SCFAandelevated thenumber of pigsharboring
bifidobacteria, independent of the basal diet.
The effect of prebiotics on zootechnical performance also varies. Shim et al.

(2005) demonstrated a significantly increased preweaning body weight gain
in piglets fed supplemental OF. This was attributed to an increased villous
height in the small intestine at weaning, which is regarded as an indicator of
nutrient absorption in pigs. Pierce et al. (2005) demonstrated that 1.5% inulin
improved the energy digestibility of piglet diets low in lactose, while Shim
(2005) showed increased apparent ileal protein digestibility and increased
apparent calcium and magnesium absorption in OF supplemented piglets.
However, these results are in contrast to those of Houdijk et al. (1998), who
found a lower dry matter intake and body weight gain in 9-week-old piglets
receiving 1.5% OF or 2% GOS.
Prebiotics also offer possibilities to reduce the excretion of nitrogen into the

environment. Piglets consumingadiet enriched in fermentable carbohydrates
in the formof sugar beet pulp, nativewheat starch, lactulose, and inulin, were
shown to have a reduced protein fermentation along the gastrointestinal tract
and reduced ammonia concentrations in the feces (Awati et al., 2006). This is
in agreement with the findings of Shim (2005), who described lowered fecal
ammonia concentrations in a 0.25% OF diet, and Hansen et al. (2005), who
found a lower ammonia emission in housing sections where pigs had been
given feed containing 15% inulin.
Another interesting application of prebiotics in porcine nutrition is the

suppression of boar taint, which is an off-flavor of pork. It is primarily
caused by the accumulation of skatole and androstenone in adipose tis-
sue (Babol and Squires, 1995). Skatole is produced from the amino acid
tryptophan in the hindgut of pigs, as a result of bacterial fermentation.
After being transported via the portal vein, skatole is metabolized in the
liver by cytochrome P4502E1 (Babol et al., 1998). Expression of this enzyme
is antagonized by androstenone (Whittington et al., 2004). Thus, skatole
levels in the fat of male pigs often exceed threshold levels for boar taint.
Therefore, it is still common practice in many countries to castrate male
pigs before they reach sexual maturity. However, there are alternatives. For
example, feeding male pigs inulin or OF preparations suppresses proteolytic
conversion of tryptophane into skatol in the gut (Xu et al., 2002; Lanthier
et al., 2006) to such an extent that the meat odor may disappear (Hansen
et al., 2006).
With the rise in antimicrobial resistance and subsequent removal of anti-

biotic growth promoters from pig feed in Europe, there is a need to identify
alternatives, which can reduce incidence of gut pathogens. One of the pos-
sible alternativeswould be prebiotic compounds. Naughton et al. (2001) used
an in vitro porcine intestinal tissue model to demonstrate that 2.5% OF, but
not 2.5% GOS, was able to reduce numbers of E. coli and Salmonella. Fur-
thermore, it was shown that feeding inulin decreased numbers of parasites
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such asOesophagostomum dentatum (Petkevicius et al., 2003) and Trichuris suis
(Thomsen et al., 2005).

Poultry

Chickens and turkeys are the two dominating commercial poultry species
worldwide. Chickens are used for meat (broilers) and egg production (lay-
ing hens). Chickens and turkeys are birds and thus have a typically short
gastrointestinal transit time where the oro-cloacal transit time often is less
than 5 h.

Broilers

Broiler chicks display very fast growth rates, attaining more than 50 times
their hatching weight at 6 weeks of age. This high weight gain is achieved
through a combination of fine-tuned genetic selection, constantly improv-
ing housing techniques, strict sanitation and veterinary care, and extremely
balanced high-energy diets.
Prebiotics in broiler diets have been shown to increase lactobacilli counts

in the gastrointestinal tract (Yusrizal and Chen, 2003b).
Feeding prebiotic fructans to broilers may improve weight gain, feed con-

version and carcass weight (Yusrizal and Chen, 2003a; van Leeuwen et al.,
2005a). Like in pigs, improved performance could be associated with a sig-
nificantly increased absorptive capacity of the gastrointestinal tract, which
in the case of chickens was caused by increased gut length and denser villi
distribution (Yusrizal and Chen, 2003a). Feeding chicory fructans may also
have systemic effects like a decrease in serum cholesterol levels and deposit
of fat tissue (Yusrizal and Chen, 2003a).
The selective interaction between prebiotics and the intestinal flora res-

ults in increased intestinal colonization resistance. This was demonstrated by
Yusrizal and Chen (2003b), who found lower Campylobacter and Salmonella
counts in fructan supplemented broilers. Moreover, van Leeuwen et al.
(2005b,c) reported a faster recovery in broilers, which were artificially chal-
lengedwith Salmonella typhimurium, Eimeria acervulina,Clostridium perfringens
or Campylobacter jejuni. Kleessen et al. (2003) also described decreased C. per-
fringens numbers and a reduction in bacterial endotoxin levels in fructan
supplemented broilers.
The addition of OF to broiler diets may also reduce the volatile ammonia

contents of feces (Yusrizal and Chen, 2003b). Like in pigs, this has interesting
environmental implications. A lower ammonia level in broiler stables also
has health benefits, as ammonia can irritate the upper respiratory tract and
subsequently result in secondary bacterial infections.

Laying Hens

Highly productive laying hens produce about 0.95 eggs per day for about
55 weeks. In older laying hens, productivity goes down and eventually they
are taken out.
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Chen et al. (2005b) demonstrated an elongation of both small and large
intestine in laying hens receiving fructan supplementation. This was asso-
ciated with concomitant increased egg production and improved feed effi-
ciency. Moreover, fructan supplementation increased skeletal and plasma
calcium levels, resulting in increased egg shell strength (ChenandChen, 2004)
and reduced yolk cholesterol concentrations without affecting yolk weight
(Chen et al., 2005a).

Turkeys

Data regarding prebiotics in turkey production are more limited. Zdunczyk
et al. (2005) demonstrated that a 2% fructan inclusion in the feed led to a lower
cecal pH and increased cecal production of short-chain fatty acids, especially
butyrate. These parametersweremore strongly affected byOF than by inulin.
Neither of the fructans had an effect on performance indices.

Calves

Prebiotics arenotused in adult ruminants, as their fullydeveloped rumen rep-
resents a huge fermentation organ in which prebiotics would be completely
hydrolyzed, and thuswouldnot reachmoredistal areas of the gastrointestinal
tract where they can exert their beneficial activities.
Calves, however, do not undergo ruminal development as long as they are

fed on milk or milk replacements. Thus, from a digestive point of view, they
can be considered as monogastric animals.
In a report by van Leeuwen and Verdonk (2005), inulin and oligofructose

were shown to increase daily weight gain and improve feed conversion in
young veal calves. They also observed an improvement in fecal consistency in
fructan fed groups compared to control animals. This suggests that intestinal
infection, which is amajorproblem in theyoungcalf, is beneficially influenced
by fructan prebiotics.

Rabbits

Meat rabbits often suffer from digestive disorders just after weaning. This
problem is often associated with instabilities in the cecal microbiota. Main
clinical signs in affected animals are loss of appetite, decreased growth,
diarrhea, and increased mortality. The big economic importance of digestive
troubles has led to several scientific studies on prebiotics in rabbit feeds.
A positive effect of OF on morbidity was demonstrated by Morisse et al.

(1993). These authors experimentally infected rabbits with Escherichia coli
O103 and noticed significantly less clinical signs in the OF group. They also
detected a lower cecal pH, higher cecal SCFA concentrations, and marked
decrease in caecal ammonia. In a trialwith 360 ppmofOF,Mourão et al. (2004)
could not detect an effect on morbidity, mortality, or SCFA production. How-
ever, they noticed a positive effect on feed conversion rate. Volek et al. (2004)



8171: “chap21” — 2007/12/3 — 17:23 — page 428 — #8

428 Handbook of Prebiotics

also noticed improved feed conversion in early-weaned rabbits fed 4% inulin.
They also noticed a lower mortality, a higher SCFA production, and a lower
cecal pH in inulin fed rabbits. This is in partial agreementwithMaertens et al.
(2004), who also found a decreased cecal pH in 2% inulin fed rabbits. How-
ever, instead of a higher SCFA concentration, these latter authors noticed a
shift in the SCFA composition toward a higher proportion of butyrate, at the
expense of acetate.

Aquaculture

Aquaculture is one of the fastest growing sectors of livestock production,
having increased by more than 10% annually between 1990 and 2000 (Tacon,
2003). Almost half of the global aquaculture production is fish.
Fish represent a diverse group of cold-blooded animals. Depending on the

species, they can be carnivorous, omnivorous or herbivorous. Fish have a
relatively simple intestinal tract, containing intestinal microbiota, which are
very different from the populations found in warm-blooded animals.
Research on prebiotics in aqua feeds has only just begun to emerge.

However, there are indications that prebiotic effect results in improved zoo-
technical performance. Mahious et al. (2006) showed that OF, but not inulin,
increased the growth of weaning turbot, a carnivorous species. Data regard-
ing the use of fructans in herbivorous sturgeon, omnivorous catfish, and
carnivorous salmon remain to be determined.

Prebiotics in Companion Animals

The emotional bond between humans and their companion animals has a
big impact on their nutrition. Companion animals do not need to reach max-
imal production or optimal feed conversions. Instead, owners of companion
animals want their animals to live as long and healthily as possible. As is
the case for the human population in western countries, companion animals
often suffer from obesity, cardiovascular disease, kidney disease and cancer.
Thus, one could even state that the approach of companion animal nutrition
is based on what is important for the owners themselves. So, in this group of
animals, the impact of prebiotics on prevention of chronic disease becomes
important.

Dogs

The effect of prebiotics, predominantly fructans, on canine intestinal micro-
biota has been demonstrated by several authors (Howard et al., 2000; Willard
et al., 2000; Beynen et al., 2002; Flickinger et al., 2003b; Grieshop et al., 2004;
Vanhoutte et al., 2005).
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Supplementing canine diets with oligofructose or lactulose may lead to a
raised magnesium and calcium absorption, which can possibly be explained
by an increased solubility of these minerals, caused by a lowered intestinal
pH due to increased SCFA concentrations (Beynen et al., 2001, 2002).
The effect of prebiotics on fecal odor and fecal consistency in dogs has

been extensively researched, leading to conflicting results. While Hesta et al.
(2003) could not demonstrate an effect of 3% OF inclusion on fecal ammo-
nia concentrations, Propst et al. (2003) found increased fecal ammonia levels
in fructan-supplemented dogs. These latter authors also detected a linear
increase inputrescine, cadaverine, spermidine and total amines in feces ofOF-
supplementeddogs, while fecal phenol concentrations in inulin feddogswere
decreased. Flickinger et al. (2003b) found that OF supplementation of dogs
was able to decrease fecal ammonia concentrations, while those of branched-
chain fatty acids, amines, indoles or phenols were unaffected. The effect of
prebiotics on fecal consistency and fecal scores is largely dose dependent,
with inclusion levels of up to 3% having a positive effect on fecal transit and
bulking (Twomey et al., 2003).
Prebiotics may also have an impact on N-metabolism, as increased intest-

inal fermentation leads tomore nitrogen being fixed by the bacterial biomass,
which relieves the N-burden on the kidneys (Howard et al., 2000).
Inulin or oligofructose fed to hyperlipidemic dogs was shown to cause a

transient decrease in circulating cholesterol (Jeusette et al., 2004), while Diez
et al. (1997) showed decreased postprandial triglyceride and glucose levels
in dogs fed a supplement of OF and sugar beet fiber. Thus, prebiotics could
form an aid in the dietary treatment of hyperlipidemia and diabetes mellitus.
Another application of prebiotics lies in the prevention of intestinal cancer.

In dogs, Howard et al. (1999) demonstrated that an inclusion of 1.5%OF led to
an increased differentiation and a decreased proliferation of colonic mucosal
cells, which could reduce the risk that proliferating colonocytes are exposed
to carcinogenic substances found in luminal contents.
Lactulose is a prebiotic with a very specific application in dogs. It is used

as an aid in the medical management of portosystemic shunts. These shunts
have an overall prevalence of 0.18% in the canine population, with a higher
proportion seen in purebred animals (Tobias and Rohrbach, 2003). They give
rise to increased plasma ammonia concentrations, leading to a constellation
of nervous signs, also called hepatic encephalopathy. The colonic pH, which
decreases due to a fermentation of lactulose by colonic bacteria (primarily
Bacteroides sp.), serves to ionize neutral ammonia in the intestinal tract to
chargedammonium, thus blocking its absorption (McQuaid, 2005). This leads
to a shift of nitrogen excretion from urine to feces, which may be beneficial
for liver patients in general (Beynen et al., 2001).

Cats

The prebiotic effect of OF in cats has been described by Sparkes et al.
(1998b), who found increased fecal counts of lactobacilli and Bacteroides spp.,
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and decreased fecal numbers of Escherichia coli and Clostridium perfringens.
Sparkes et al. (1998a) also studied the effect of OF on the duodenal flora.
Here, they observed wide quantitative and qualitative variation in the duo-
denal flora of healthy cats over time, which was not affected by dietary
supplementation of OF.
Fructan supplementation in cats has an impact on fecal consistency and

fecal scores. Cats supplementedwith increasing levels of OF or inulin did not
affect the number of defecations with doses up to 3%. At doses as high as 9%,
the defecation frequency increased from 1.2 to 1.6 per day. There was a mod-
erate fecal bulking effect, which even at doses as high as 9% only was 30%
higher than on the control. With pulp, these increases are much more pro-
nounced (200–400% increase in fecal volume) (Diez 1997). A slightly higher
fecal moisture content (71% versus 69%) improved the fecal score. Total SCFA
excretion of supplemented cats was higher, which was reflected in a moder-
ately lower fecal pH (6.2% with 3% inulin or OF versus 6.4 in control) (Hesta
et al., 2001).
When soluble fibers are added to the diet, the apparent protein digest-

ibility can be decreased. This phenomenon is not caused by a lower ileal
protein digestibility, but because of a larger bacterial protein excretion in
feces. When apparent protein digestibility is corrected for bacterial protein,
significant differences disappear (Hesta et al., 2001). A higher fecal nitro-
gen excretion may lead towards lower urinary nitrogen excretion, because of
an increased bacterial fixation of nitrogen in the feces. This leads to a shift
from urinary to fecal nitrogen excretion, as demonstrated by Hesta et al.
(2005), which may have beneficial consequences for (older) cats facing renal
insufficiency.

Horses

Although prebiotics are often being incorporated in commercial horse feeds
or additives, there is a paucity regarding scientific literature on this subject.
In fact, most available papers on prebiotics in horses deal with experi-

mental reproduction of hoof laminitis by feeding massive amounts of up to
10 grams of fructans per kg bodyweight (French and Pollitt, 2004; Milinovich
et al., 2006). Hoof laminitis is a condition resulting in lameness, which often
leads to euthanasia of the animal. While the factors responsible for trigger-
ing onset of carbohydrate-induced laminitis remain unknown, it is generally
accepted that hindgut bacteria play an integral role. Following fructan over-
load, cecal lactate production becomes excessive and the pH in the hindgut
decreases (Al Jassim et al., 2005). This is associated with a drastic change in
microbiota, from a predominantly Gram-negative population to one domin-
ated by Gram-positive bacteria, like bacteria of the Streptococcus bovis/equinus
complex, which have been suggested to be involved in the series of events
preceding the onset of horse laminitis (Milinovich et al., 2006).
In preliminary studies where fistulated horses were monitored, nutrition-

ally sound intake levels of up to 2% on feed, it was shown that oligofructose
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or inulin influence the horse cecal fermentation (V. Julliand, France, to be
published), and that intake of the product certainly was not associated with
averse effects of any kind.

Conclusion

Prebiotics seem to exert their nutritional benefits in various animal species,
which by definition have an intestinal tract populated by a complex bacterial
intestinal ecosystem. The concept remains valid, where the intestinal envir-
onment (pH, temperature, and digestive enzymes) and architecture (volume
of different compartments, transit times, and villus structure) differs between
animal species.
The beneficial consequences of prebiotics translate generally into improved

zootechnical performance. Productivity is increasedand feed conversion ratio
decreased in feedstock. In pets, the risk for chronic disease (cancer, diabetes,
and obesity) is reduced and stool quality (odor and consistency) becomes
improved.
Of all prebiotics investigated, the chicory fructans have the advantage that

they are composed of awide range of chain lengths, ofwhich the fermentation
rate decreases with increasing chain length. Longer chains such as inulin are
used in animals with slow transit times or to target more distal intestinal
regions whereas rapidly fermented prebiotics can be used in animals with
rapid transit times.
Future prebiotic research in animal nutrition will focus on the exploration

of effects in more animal species.
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Introduction

Prebiotics show both important technological characteristics and interesting
nutritional properties. Several are found in vegetables and fruits and can be
industrially processed from renewable materials. In food formulations, they
can significantly improve organoleptic characteristics, upgrading both taste
and mouthfeel. Many are already successfully used in a broad range of food
applications [1].
Most prebiotics and prebiotic candidates identified today are nondigestible

oligosaccharides [2]. They are obtained either by extraction from plants (e.g.,
chicory inulin), possibly followed by an enzymatic hydrolysis (e.g., oligo-
fructose from inulin) or by synthesis (by trans-glycosylation reactions) from
mono- or disaccharides such as sucrose (fructooligosaccharides) or lactose
(trans-galactosylated oligosaccharides or galactooligosaccharides) [3].
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To be classified as a prebiotic, a food ingredient should be neither hydro-
lyzed, nor absorbed in the upper part of the gastrointestinal tract, be
selectively fermented by a limited number of potentially beneficial bacteria
in the colon and alter the composition of the colonic microbiota towards a
healthier community [4]. This could also induce systemic effects that can
be beneficial to the host health. Reviewing a range of prebiotic candidates
based on these criteria, Gibson et al. [5] confirmed the prebiotic nature of
only a limited number of nondigestible carbohydrates, namely, the fructans,
inulin and oligofructose; galactooligosaccharides; and lactulose. Lactulose,
however, is mainly used as a drug (as laxative in case of chronic constip-
ation and in case of hepatic encephalopathy) and is not allowed in food
[6,7]. This chapter, therefore, focuses on fructose- and galactose-based oli-
gosaccharides that constitute new food ingredients with proven prebiotic
properties.

Natural Occurrence and Production

Inulin and Oligofructose

The β(2-1) fructans, inulin and oligofructose (or fructooligosaccharides), are,
so far, the most studied prebiotics. They are widely found in nature. Fructans
indeed are, after starch, the most abundant nonstructural natural oligo- and
polysaccharides. Inulin and oligofructose, thus, are natural constituents of
many common foods including vegetables, fruits, and cereals such as leek,
onion, garlic, artichoke, salsify, asparagus, banana and wheat. There has
been widespread and common knowledge on their natural occurrence and
consumption as human food and animal feed for years. Their typical con-
sumption in the normal human diet has been evaluated at several grams per
day, in Europe and the United States [8,9]. Inulin and oligofructose have been
recognized as dietary fibers in most countries. An official analytical method
to measure fructans in foods was adopted by AOAC International (method
number 997.08) [10].
During the early nineties, several attempts weremade to isolate and purify

inulin and oligofructose from natural sources. Given their high inulin content
(>15%), Jerusalemartichoke, dahlia, and chicorywere initially considered for
production in temperate regions, but for several reasons chicory (Cichorium
intybus) is nearly exclusively processed on industrial scale. The roots of
chicory, which are also used is some countries for the production of a coffee
substitute (after roasting), look like small oblong-shaped sugar beets. Their
inulin content is high (more than 70% on dry substance) and fairly constant
from year to year [11].
The production process involves extraction of naturally occurring inulin by

diffusion in hot water, followed by refining, evaporation, and spray drying.
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Oligofructose is produced using two differentmanufacturing techniques that
deliver slightly different end products. Chicory oligofructose is obtained
by partial enzymatic hydrolysis of inulin using an endoinulinase, pos-
sibly followed by spray drying [12]. Short-chain fructooligosaccharides are
synthesized from sucrose using a fructosyltransferase [13].
Inulin is a polydispersemixture of linear molecules, all with the same basic

chemical structure, symbolized as G-Fn with G= glucosyl moiety, F= fructo-
syl moiety, and n = number of fructosyl units linked together through β(2–1)
bonds. The degree of polymerization (DP) of native chicory inulin ranges
between 3 and 60, with an average value of about 10 [11]. Inulin, from which
the lower DP-fraction has been physically removed and having an aver-
age DP of about 25, is also available for high performance fat replacement
[14]. Inulin is commercially available as white powder with a high purity
(>90% inulin).
Oligofructose obtained by a partial enzymatic hydrolysis of inulin using a

specific endoinulinase is composed of linear G-Fn and Fn chains with DP ran-
ging from 2 to 8 (with an average value about 4) [12]. Fructooligosaccharides
produced by synthesis from sucrose through a transfructosylation reaction
comprise G-Fn molecules with a DP from 3 to 5 [13]. Oligofructose products
are available with different purity grades (up to 95% oligofructose) as viscous
syrups (at 75% dry substance) or white powders [15].
A specific combination of long-chain inulin and oligofructose (1:1), known

as Synergy1, has been developed to offer enhanced nutritional benefits.
Its unique chain length distribution makes it active throughout the whole
length of the colon, with the shorter chains being fermented more rapidly in
the proximal colon and the longer chains reaching more distal parts of the
gut [16].

Galactooligosaccharides

Industrially, galactooligosaccharides, also called trans-galactosylated
oligosaccharides, are produced by synthesis from lactose using a
β-galactosidase [3]. The lactose is usually purified from cow’s milk whey. The
amount and type of galactooligosaccharides produced depends on several
factors such as enzyme source, lactose concentration and process condi-
tions. A purity of about 60% is usually achieved. Higher purity levels can be
obtained by further processingwith chromatographic or membrane filtration
techniques.
Galactooligosaccharides have the chemical structure G-Galn with G =

glucosyl moiety, Gal= galactosyl moiety, and n= number of galactosyl units
linked together. Their DP ranges from 2 to 8, with an average close to 3. Some
of the chains are branched and the galactosyl moieties are mainly linked
together through β(1–6) and/or β(1–4) bonds [17]. Commercially available
powders and syrups also contain lactose, galactose and glucose.
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Safe Use in Food

Inulin, oligofructose, andgalactooligosaccharides have been evaluated by the
health authorities inmost countries andhavebeen confirmedas “safe” [14,18].
Studies conducted to evaluate potential toxic effects in animals and humans
revealed no adverse effects [19]. The only side effects noted were spasmodic
bloating, flatulence and soft stools following ingestion of large quantities [20].
These effects are comparable with to those observed with all soluble diet-
ary fibers. In practice, the user levels of prebiotics (typically 2–4 g/serving)
are far below the amounts at which intestinal discomfort occurs. The cal-
oric value of nondigestible oligosaccharides has been estimated between 1
and 2 kcal/g [21–23]. Their physiological properties are discussed in other
chapters of this book.

Technological Properties

Technological properties of inulin, oligofructose, andgalactooligosaccharides
are summarized in Table 22.1.

TABLE 22.1

Technological Properties of Currently Used Prebiotics

Property Oligosaccharides (∗) Inulin

Aspect Colorless viscous syrup
(75%d.s.) or white powder

White powder

Taste Slightly sweet, synergy with
high potency sweeteners

Neutral, without off-flavor

Sweetness versus
sucrose

30–35% < 10%

Solubility in water
(room temperature)

About 80% w/w About 10% w/w

Viscosity at 30% w/w
in water (10◦C)

About 5 mPa.s About 100 mPa.s

Freezing point
depression at
10% w/w

−0.6◦C −0.3◦C

Others Sugar replacement
Moisture retention/
humectant
Water activity close
to sugar

Fat replacement
Gelling capacity (at high
concentration)
Foam and emulsion
stabilization

∗Oligosaccharides: Oligofructose/Fructooligosaccharides and Galactooligosaccharides.
d.s. = dry substance.
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Inulin

Chicory inulin is commercially available as white, odorless powders with a
high purity (>90% inulin) and a well-known chemical composition [12,24].
It has a bland neutral taste, without any off-flavor or aftertaste and combines
easily with other ingredients without modifying delicate flavors. Standard
inulin is slightly sweet (10% sweetness in comparison with sugar), whereas
long-chain inulin (from which the fraction with a DP lower than 10 has been
physically removed) is not sweet at all. It is moderately soluble in water
(maximum10%at room temperature; 2% for long-chain inulin), which allows
incorporation intowatery systemswheremost other fiberswould precipitate.
This is particularly relevant for table spreads, milk products, and drinks. To
make a solution, the use of warm water (50–100◦C) is recommended.
Inulin behaves as a bulk ingredient, contributing towards body andmouth-

feel. Its viscosity in water is, however, rather low (less than 2 mPa.s for a 5%
w/w solution of standard inulin in water; 100 mPa.s for a 30% w/w solu-
tion). It exerts a small effect on the freezing and boiling points of water (e.g.,
15%w/w standard inulin decreases the freezing point by 0.5˚C). On the other
hand, inulin has a remarkable capacity to replace fat [25]. When thoroughly
mixed with water or another aqueous liquid, it forms a particle gel offering
a creamy structure [1]. Inulin works in synergy with different gelling agents,
for example, gelatine, alginate, carrageenan, gellan gum, and maltodextrins.
It improves furthermore the stability of foams and emulsions, such as aerated
dairy desserts, ice creams, table spreads and sauces [15].

Inulin Gel as Fat Replacement

At high concentration (>25% in water for standard chicory inulin and >15%
for long-chain inulin), inulin has gelling properties and forms a particle gel
network after shearing. When the fructan is thoroughly mixed with water or
another aqueous liquid, using a shearing device such as a rotor-stator mixer
or a homogenizer, a white creamy structure results and can easily be incor-
porated in foods to replace fat by up to 100%. The gel is formed by a network
of small crystallites that resembles the structure of fat crystals in oil [26].
Electron cryomicroscopy has confirmed that such a gel is composed of a tridi-
mensional network of particles in water having a diameter of 1–3 µm. Large
amounts of water are immobilized in the structure, which assures its physical
stability as a function of the time. X-ray diffraction has shown the crystal-
line nature of gel particles, whereas the starting inulin powder is essentially
amorphous.
The gel strength obtained depends on different parameters such as

inulin concentration and total dry substance content, inulin type, shearing
parameters and also type of shearing device used, but is not influenced
by pH (between pH 4 and 9). Increasing the dry matter content of the
system (by applying higher inulin dosages or adding other ingredients), obvi-
ously results in higher gel strengths. Applying different shearing devices,
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an increase in gel strength is noticed with increasing mechanical pressure.
For example, a colloid mill results in a lower gel strength compared to a
rotor-stator mixer while the latter delivers lower firmness values than a high-
pressure homogenizer. The optimal gel strength is achieved about 24 h after
shearing. The gel exhibits properties of a viscoelastic material. When small
pressure is exercised on the structure, it behaves like a solid and shows a cer-
tain elasticity, whereas a large pressure causes loss of its gel-like properties,
and it then behaves like a fluid, characterized by its viscosity [12].
An inulin gel provides a short and spreadable texture, a smooth fatty

mouthfeel, as well as a glossy aspect and well-balanced flavor release. It
allows the development of low-fat foodswhilemaintaining typical fatty char-
acteristics. Fat replacement with inulin, however, is only possible in water
containing systems and preferably in food products where water is the con-
tinuous phase. Inulin particles can mimic fat droplets by size, resulting in
mouth-coating, mouthfeel, and creaminess. Such particles, formed by apply-
ing shear forces on a food product containing inulin, have a size between
1 and 3 µm which is similar to fat droplets following homogenization (see
Figure 22.1). In fat continuous products, inulin functions slightly differently
(see Figure 22.2). It is present in water droplets surrounded by the oil phase
and so contributes to stability of the emulsion through an increased viscosity
of the water phase.
As far as fat replacement is concerned, long-chain inulin shows about twice

the functionality of standard inulin. Long-chain inulin has a lower solubil-
ity, which provides more particles for the gel network and hence a higher

Inulin

Oil

Water Water

Oil

FIGURE 22.1
Inulin particles in the water continuous phase of an oil-in-water emulsion.

Water

Oil Oil

Water

FIGURE 22.2
Inulin distributed in the water droplets of a water-in-oil emulsion.
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fat replacement efficiency. Special instant qualities that do not require high
shearing to give stable homogeneous gels have also been developed using a
specific spray drying process.

Nondigestible Oligosaccharides

Oligosaccharides such as oligofructose and galactooligosaccharides aremuch
more soluble than inulin (about 80% in water at room temperature). They
are available as colorless viscous syrups (at 75% dry substance) and for
some specific qualities as white powders (with up to 95% purity). In the
pure form, they have a sweetness of about 30–35% in comparison to sucrose
[7,15]. Their sweetening profile closely approaches that of sugar, the taste
is very clean without any lingering effect. They combine very well with
delicate aromas and even enhance fruit flavors. In food formulations, the
sweetness level can be increased by adding high-potency sweeteners when
needed. In combination with intense sweeteners such as aspartame, aces-
ulfame K, or sucralose, nondigestible oligosaccharides provide interesting
mixtures offering a rounder mouthfeel and a better sustained (fruit) fla-
vor with reduced aftertaste, as well as improved stability. Combinations of
acesulfame K-aspartame blends with oligofructose also exhibit a significant
quantitative synergy [27].
Oligosaccharides show good stability during usual food processes (e.g.,

during heat treatments) although fructooligosaccharides can be partially
hydrolyzed in very acid conditions. They also contribute toward improved
texture andmouthfeel, show humectant properties, reduce the water activity
ensuring highmicrobiological stability, affect boiling and freezing points, and
can have a moderate reducing power. So, in fact, they possess technological
properties that are closely related to thoseof sugar andglucose syrups [3]. This
makes nondigestible oligosaccharides excellent ingredients to replace sugars
while at the same time decreasing the caloric content of the end products and
allowing prebiotic properties.

Applications in Food Products

Prebiotics can be used for either their nutritional advantages or technological
properties, but they are often applied to offer a double benefit: an improved
organoleptic quality and a better-balanced nutritional composition [15]. Food
applications are illustrated in Table 22.2.
The use of inulin and nondigestible oligosaccharides as fiber ingredients is

straightforward and often leads to improved taste and texture [1,28]. When
used inbakeryproducts andbreakfast cereals, this represents amajorprogress
in comparison to classical dietary fibers [29]. They give more crispiness and
expansion to extruded snacks and cereals and increase bowl-life. They also
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TABLE 22.2

Food Applications of Prebiotics

Application Functionality

Dairy products (yoghurts, cheeses,
desserts, drinks)

Fat or sugar replacement, body and mouthfeel,
foam stabilization, fiber, and prebiotic

Frozen desserts Fat or sugar replacement, texture and
mouthfeel, melting behavior

Fruit preparations Sugar replacement, synergy with intense
sweeteners, body and mouthfeel, fiber and
prebiotic

Breakfast cereals and extruded
snacks

Sugar replacement, crispiness and expansion,
fiber, and prebiotic

Baked goods and breads Sugar replacement, moisture retention, fiber,
and prebiotic

Fillings Fat or sugar replacement, texture, and
mouthfeel

Tablets and confectionery Sugar replacement, fiber, and prebiotic
Chocolate Sugar replacement, heat resistance and fiber
Dietetic products and meal replacers Fat or sugar replacement, synergy with intense

sweeteners, body and mouthfeel, fiber, and
prebiotic

Table spreads and butter products Fat replacement, texture and spreadability,
stability, fiber, and prebiotic

Salad dressings Fat replacement, mouthfeel, and body
Meat products Fat replacement, texture and stability, and fiber

help keep breads and cakesmoist and fresh for longer. Their solubility further
allows fiber incorporation in watery systems such as drinks, dairy products,
and table spreads. They are also used more and more in functional foods as
prebiotic ingredients, which stimulate the growth of health-promoting gut
bacteria and offer additional health benefits.

Inulin

Thanks to its specific gelling characteristics, inulin allows the development
of low-fat foods without compromising taste or texture [1,24,30]. This is par-
ticularly successful in spreadable products such as table spreads, butter-like
products, cream cheeses and processed cheeses [31]. Also, dairy combina-
tions with chocolate, fruit, herbs and spices, or other flavoring ingredients
have been developed and launched in the market. In such applications,
inulin allows the replacement of significant amounts of fat and/or stabil-
ization of the emulsion, while providing a short and spreadable texture.
Its incorporation (2–10%) gives good results in water-in-oil spreads with
a fat content from 20% to 60%, as well as in water continuous formula-
tions containing 20% fat or less. In low-fat dairy products such as milk
drinks, fresh cheeses, yoghurts, creams, and dairy desserts, the addition of
a few percents (2–3%) imparts a better-balanced round flavor and a creamier
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mouthfeel [32–34]. In frozen desserts, inulin provides an easy processing, a
fatty mouthfeel, excellent melting properties, as well as freeze-thaw stability
[35]. Fat replacement can also be applied in meal replacers, meat products,
sauces, and soups. Hence fat-reducedmeat products (e.g., paté and sausages),
with a creamier and juicier mouthfeel and an improved stability due to water
immobilization, can be obtained [36,37]. In dairy mousses (chocolate, fruit,
yoghurt, or fresh cheese-based), the incorporation of a few percents (1–4%)
of inulin improves the process-ability and upgrades the quality [38]. The res-
ulting products retain their typical structure for a longer time. Inulin has also
found an interesting application in chocolate without added sugar, often in
combination with polyols or with fructose. It is also used as fiber source, for
example, in baked goods, cereal products, pasta, and tablets [39–41].

Nondigestible Oligosaccharides

Fructose-based oligosaccharides (oligofructose) are already applied in sev-
eral well-known applications, for instance in yoghurts, fermented milks,
fresh cheeses, dairy drinks, desserts and meal replacers [15,42]. They are
especially successful in fruit preparations for dairy products, allowing an
improved mouthfeel, as well as synergistic taste effects in combination with
high-potency sweeteners. In frozen desserts, they prevent ice crystal growth
and offer an excellent melting behavior. Their incorporation into baked
goods allows the replacement of sugar, fiber enrichment, and better moisture
retentionproperties [43,44]. Theyalsooffergoodbindingandhumectant char-
acteristics in cereal bars, contributing towards enhanced shelf life [45]. Further
applications involve meat products. [46]. Their use is easy and requires only
minoradaptationof theproductionprocess, if any. Theyare thus ideal ingredi-
ents to give bulk with fewer calories and to provide nutritional benefits
without compromising on taste and mouthfeel [15].
Today, galactooligosaccharides are mainly used in infant formulae, gen-

erally in combination with inulin. Furthermore, their high acid stability
makes them particularly suitable for use in fruit juices and other acid drinks.
They can also be applied in dairy products, breakfast cereals, and baked
goods [3].

Conclusion

Inulin, oligofructose, and galactooligosaccharides have become key food
ingredients that have created new opportunities to the food industry looking
for well-balanced and yet good-tasting products.
Nutrition Guidelines, as established by the World Health Organization

(WHOStudyGroup, 1990), have put a strong emphasis on increasing the diet-
ary fiber consumption and decreasing fat intake. Also, reduction of energy
to modulate risks involved with obesity is proposed. Adding a few grams
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of inulin or nondigestible oligosaccharides to foods can help attain these
goals without any loss of pleasure or sensory quality. The prebiotic prop-
erties even offer a new dimension for the development of functional foods.
One approach that may be encouraged for future research is the combination
of both probiotics and prebiotics (as synbiotics), which may well have syn-
ergistic effects [47]. Research, indeed, has shown that prebiotics can improve
the growth of probiotic strains, for example, in fermented food products,
and enhance their viability in applications such as yoghurts and fermented
milks [48–55].
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Introduction

This chapter aims at discussing how to evaluate the safety of prebiotics,
essentially inulin-type fructans, and galacto-oligosaccharides (GOS).
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These substances are naturally present in many food sources. Because
of their technological properties as well as their interest as functional food
ingredients, a considerable industrial success is anticipated. Consumer
exposure from their natural presence and from their current and potential
industrial uses is thus likely to be quantitatively important, in particular, for
certain groups of the population.
In this context, it is particularly interesting to analyze the approach adop-

ted to evaluate the safety of these products, which are macrocomponents in
the diet. Before discussing the safety evaluation of inulin-type fructans and
GOS in detail, it is useful to specify that the safety of most foods that we
usually consume has never been evaluated by applying the methodology
used for the evaluation of a food additive (FA), a drug, or a plant health
product. The only foods that have been evaluated for safety by applying
the traditional methods of toxicology are irradiated foods and foods cooked
or heated in microwave ovens. The reasons for this situation are, without
any doubt, the difficulty in evaluating the safety of food or their macrocom-
ponents by these methods and questions concerning the relevance of these
methods.
Thus, the results from traditional methods of toxicology, which are in the

files of inulin-type fructans and GOS, are insufficient or eventually irrelevant
by themselves for a complete safety assessment. Theymust be complemented
and confirmed by specific approaches more suitable for the safety evaluation
of food or food ingredients, that is, history of safe use, application of the
concept of substantial equivalence concept, GRAS (generally recognized as
safe) status, or some aspects of the evaluation of novel food.

Inulin-Type Fructans1 and GOS: Nature and Natural Presence in
Food and Potential Technological Applications

Undoubtedly, the most complete review on the structure of inulin (or inulin
preparations) and of fructans is that by Marcel Roberfroid [1]. The level of
their natural presence in plants (Table 23.1), mushrooms, and bacteria is dis-
cussed indetail aswell as their analyticalmethods andpotential technological
applications by the food industry (Table 23.2).

1In this chapter, the term inulin-type fructans shall be used as a generic term to cover
all β-(2←1) linear fructans. In any other circumstances that justify the identification of the
oligomers versus the polymers, the terms oligofructose and/or inulin or eventually long-
chain/or high molecular weight inulin will be used respectively. To name the oligomers
obtainedbyenzymatic synthesis theabbreviationFOS (standing for fructooligosaccharides)
shall be used. But, and even though the oligofructose andFOShave a slightly differentDPav
(4 and 3.6 respectively), they have essentially the same properties and, consequently, these
will be cited as FOS/oligofructose.
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TABLE 23.1

Inulin Content and Chain Length of Miscellaneous Plants

Inulin Chain Length
Plant g/100g Degree of Polymerization (DP)

Globle Artichoke 2–7 DP ≥ 5 = 95%
(Cynara Scolymus) DP ≥ 40 = 87%
Banana ±1
(Musa cavendishii) DP < 5 = 100%
Barley 0.5–1
(Hordeum vulgare) ±22
very young kerncls
Chicory 15–20 DP < 40 = 83%
(Cichorium intybus) Mean 16.2 DP 2–65

DP ≥ 40 = 917%
Dandelion (leaves) 12–15
(Taraxacum officinale)
Gralic 16 DP ≥ 5 = 75%
(Allium sativum) Mean 13
Jerusalem Artichoke 17–20.5 DP < 40 = 94%
(Helianthus tuberosus) DP 2–50

DP ≥ 40 = 6%
Leek 3–10 DP 12 is most frequent
(Allium ampwloprasum)
Onion 1–7.5 Mean 3.6 DP 2–12
(Allium cepa)
Salsify Mean ±20 DP ≥ 5 = 75%
Wheat 1–4 DP ≥ 5 = 50%
(Triticum aestivum)

Sources: Adapted form Van Loo. J., Coussement, P., De Leenheer. L., Hoebregs, H.,
Smits, G., Critic. Rev. Food Sci. Nutr., 35, 525–552, 1995; Roberfroid, M., In Inulin-
Type Fructans-Functional Food Indgredients, Roberforid M. Ed., CRC Series in Modern
Nutrition, CRC Press; Boca Raton, FL,US, pp. 39–60, 2005.

The dietary consumption of miscellaneous fructan-containing (but mostly
inulin-containing) plants seems to be quite old, dating back to at least 5000
years, and one of the most commonly consumed vegetables in ancient times
was onion. It is very likely that consumption of chicory by humans already
existed atleast 2000 years ago [1]. On the basis of analyses of detritus found in
well-preserved ancient caves in the Chihuahuan Desert and of components
in coprolites (5–8000 year old feces), Jeff Leach, Director and Founder of the
Paleobiotics Laboratory in New Orleans [2], hypothesized that the ancient
human diet contained up to 50 g/day of inulin and approximately 200 g/day
of total dietary fiber.
Today, based on the consumption data of several plant foodstuffs, the

average daily intake of inulin-type fructans has been estimated at about
only 2–10 g per inhabitant in Europe and 1–4 g in the United States [3].
However, in a more recent paper, Espinosa-Martos et al. [4] have reported
a much lower consumption level that is, 1.2–1.5 g/person/day of inulin plus
oligosaccharides in Spain.
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TABLE 23.2
Physicochemical and Technological Properties of Chicory Inulin Oligofructose,
and Their Derivatives in Powder From

Inulin Inulin HP Oligofructose Synergy 1

Chemistry Gpy Fn
DP 2–60

Gpy Fn
DP 10-60

Gpy Fn and Fpy Fn
DP 2–7

Gpy Fn and
Fpy Fn
DP 2–7
DP 10–60

DPav 12 25 4
Content 92 99.5 95 95
(% dry matter)
Dry matter (%) 95 95 95 95
Sugars 8 <0.5 5

(%) Dry matters
pH

5–7 5–7 5–7 5–7

(10% in H2O) Ash
(%) dry matters

<0.2 <0.2 <0.2 <0.2

Heavy metals (%
dry matter)

<0.2 <0.2 <0.2 <0.2

Color White White White White
Taste Neutral Neutral Moderately sweet Moderately

sweet
Sweetness versus
sucrose (%)

10% None 35%

Water viscosity
(5% at 10◦C)

1.6 mPa 2.4 mPa <1 mPa

Food application
(specific)

Fat replacers Fat replacers Sugar replacers

Food application +Gelling +Gelling agent +Intense sweetener
(synergism) agent

Source: Apapted from Franck, A., Br. J. Nutr., 87 (supl 2), S287–S291, 2002; Roberfroid, M., In
lnulin-Type Fructans-Functional Food Ingredients, Roberfroid, M. Ed., CRC Series in Modern
Nutrition, CRC Press, Boca Raton, FL, USA, pp. 39–60, 2005.

A wide range of oligosaccharides is also present in human milk in which
they are the third most abundant solid constituents. These are composed of
either simple sugars like galactose (GOS) or sugar derivatives. As cow’s milk
is very poor in oligosaccharides, a mixture of long-chain inulin and GOS
(10/90 w/w) has recently been added to some infant formulas [1].
In a notice submitted to the Food and Drug Administration (FDA) in

2000 [5], fructooligosaccharides (FOSs) were claimed, by the applicant, to
be GRAS for use at different levels (between 0.1% and 5%) as a bulking
agent in a long list of foodstuffs. In that application, it was estimated
that the background exposure to FOSs as components of various foods
ranged from approximately 145 to 250 mg/person/day at the 90th percentile
consumption, a level much lower than estimates given earlier. Indeed, the
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dietary exposure to FOS from its intended use as a bulking agentwould range
to approximately 3.1–12.8 g/person/day at the 90th percentile consumption
level.
In another notice submitted in 2002 [6,7], the applicant informed FDA that,

in its view, inulin is GRAS for use in food in general, including meat and
poultry products, as a bulking agent and listed 43 proposed food categories
that would contain inulin in miscellaneous concentrations. On the basis of
the proposed uses, it was estimated that dietary intake of inulin at the 90th
percentile levelwould be approximately 6 g/day for infants less than 1 year of
age, approximately 15 g for infants 1 year of age and approximately 20 g/day
for the general population (i.e., 2 years of age and older).
The most recent evaluation of total dietary fructans (including inulin and

FOSs) intakes in 30 healthy subjects has been reported to be 9.3 (SD 2.8)
g/day [8].
If one takes into account the additional use of inulin-type fructans as func-

tional food ingredients, and because of the minimum effective prebiotic dose
(5–10 g/j) that justifies health claims, the consumer exposure might increase
until 10–20 g/day or even more (?) thus becoming a nonnegligible part
(>2–4%) of the daily diet. They might thus become a major component of
some food. This is why a traditional toxicological approach for the safety
assessment of these products is not wholly appropriate and cannot be used
independently from other approaches.

Assessment of the Safety and Marketing Regulation of Whole
Food or of a Macrocomponent of Food

A special issue of Food and Chemical Toxicology published in 2002 [9], is the
result of a European concerted action titled FOSIE for Food Safety in Europe.
The aim of the projectwas to establish amultidisciplinary European reference
network to critically examine and further develop qualitative and quantitat-
ive methodologies to assess risks from food-borne hazards. The report of one
theme group concerned the “Hazard identification by methods of animal-
based toxicology” [10] especially for novel foods, macronutrients (macronu-
trient meaning macrocomponent) and whole foods. Differences between low
molecular weight chemicals (such as additives and contaminants) and whole
food were underlined (Table 23.3) and illustrated the need for a more spe-
cific approach. Novel foods, macronutrients, and whole food represent a
special case because of the quantities that might be ingested by consumers
andbecause nutritional considerations are normally an essential part of safety
evaluation or, to bemore precise, of thewholesomeness (including safety and
nutritional) evaluation. This is particularly true for a functional foodor a func-
tional component. The traditional approach based on animal feeding trials is
limited, because the doses that can practically be applied cannot, in general,
encompass the required uncertainty factor of 100. In order to overcome these
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TABLE 23.3

Differences between Low-Molecular-Weight Chemicals and Whole Foods

Additives/Contaminants Food

Simple chemically defined substance Complex mixture
Low proportion in the diet (usually less
than 1%)

High proportion in diet, high intake (often
>10%)

No nutritional impact (with few exceptions) Nutritional impact possible, depending on
dose

Specific route of metabolism, often simple
to follow

Complex metabolism with interactions

Acute effects obvious Acute effect difficult to produce (usually
absent)

Source: Adapted from JECFA Expert Consultation (2000) From: Dybing E., Doe J., Groten J.,
Kleiner J., O’Brien J., Renwick A.G., Schlatter J. et al., Food Chem. Toxicol., 40 (2/3),
237–282, 2002.

difficulties, the core of the current process of safety assessment ofwhole foods
and macronutrients is based on a comparative principle, whereby the food
being assessed is comparedwith one that has an accepted level of safety often
basedon“historyof safeuse.” This is the conceptof “substantial equivalence.”
How did the regulation take these scientific aspects into account? As

underlined above, few foods have been subject to toxicological studies. How-
ever, food and drug laws existed at least since the Babylonian Code of
Hammurabi [11]. Risk analysis is really not a new exercise since, according to
the historians, its origin roots toward 3200 bc, in the valleys of the Tigris and
Euphrates [12].
But in developed societies, it is only at the beginning of the twentieth cen-

tury that a modern approach to food regulation was initiated in the laws of
August 1, 1905, targeting the “Répression des Fraudes” in France and in the
“Pure Food and Drugs Act” and the “Meat Inspection Act” in 1906 in the
United States, for example. That was the starting point of a long process
toward the present food laws and regulations.
In the United States, in 1954 and again in 1958, accidents involving the

chemical contamination of foods forced the Congress to write [13] the 1958
“Amendment to the Federal Food Drug and Cosmetic Act” (FFDCA §201 (s)
Definitions), which set completely new standards:

— It changed the meaning of the term “food additive” by defining the
term as a substance not generally recognized as safe (GRAS). For an
FA, the process of safety assessment is initiated as an FA petition
based on a scientific data review, the requirements for which are
described in the Red Book [14].

— It created an entirely new class of substances that are GRAS,
which avoids the premarket approval process. It defined who
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(experts) can determine what is GRAS and the process whereby the
conclusion that a particular food product/component is GRASmay
be reached. That might involve applying scientific procedures or by
recognizing that the substance was already in use prior to January
1, 1958 [13]. FDA accepted to a limited degree the safety of naturally
occurring substances as stated in the Code of Federal Regulation,
§ 170.30(d):

The food ingredients listed as GRAS in Part 182 of this chapter or affirmed as
GRAS in Part 184 or Sec. 186.1 of this chapter do not include all substances
that are generally recognized as safe for their intended use in foods . . .A food
ingredient of natural biological origin that has been widely consumed for
its nutrient properties in the United States prior January 1, 1958, without
known detrimental effects, which is subject only to conventional processing
as practiced prior to January 1, 1958, and for which no known safety hazard
exists, will ordinarily be regarded as GRAS without specific inclusion in Part
182, Part 184 or Sec. 186.1 of this chapter.
In European Union, before 1997, food additives, flavorings and extrac-

tion solvents, and typically low-molecular-weight chemicals were covered
by specific regulations. Plant varieties andmarketing of vegetable seedswere
subjected to Council Directive 70/457/EEC of September 29, 1970, on the
common catalogue of varieties of agricultural plant species [15] and Council
Directive 70/458/EEC of September 29, 1970, on the marketing of vegetable
seeds [16]. On January 27, 1997, the European Parliament and the Council
adopted a regulation EC 258/97 concerning the marketing of novel foods
and novel food ingredients [17]. An introduction to this regulation explained
that “in order toprotect public health, it is necessary to ensure that novel foods
and novel food ingredients are subject to a single safety assessment through a
Community procedure before they are placed on the market within the Com-
munity; whereas in the case of novel foods and novel food ingredients which
are substantially equivalent to existing foods or food ingredients a simpli-
fied procedure should be provided for.” The regulation (Article 1.2), “shall
apply to the placing on the market within the Community of foods and food
ingredients which are not hitherto been used for human consumption to a
significant degreewithin the Community andwhich fall under the following
categories:
(e) Foods and food ingredients consisting of or isolated from plants and

food ingredients isolated from animals, except for foods and food ingredi-
ents obtained by traditional propagating or breeding practices and having a
history of safe food use.”
Just as the United States fixed a threshold beyond which it was advisable

to adopt a procedure for the safety evaluation of a “new” food that would be
placed on the market with the GRAS status by January 1, 1958, the European
Union fixed a similar threshold beyond which food or ingredients that were
not consumed to a significant degree in the European Union will be regarded
as new and subjected to a specific evaluation of their safety by May 15, 1997.
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One can find in the European Union regulation expressions like “substan-
tial equivalence” and “history of safe food use.” A long history of safe use of
traditional foods forms the benchmark for the comparative safety assessment
of novel foods and foods derived from genetically modified (GM) organisms.
Burdock and Carabin [11] considered the GRASmechanism as assuaging the
fears of consumers, industry, and FDA: “industry would be assured that a
history of safe use would be taken into account and that the (onerous) bur-
den of extensive testing of all substances would not be necessary.” Similarly,
the Organization for Economic Cooperation andDevelopment (OECD) states
that “a long history of use is a reassuring andpractical starting point” for eval-
uating the safety of novel food [18]. The starting point of the safety evaluation
of a novel orGM food is the evaluation of substantial equivalence between the
novel or GM food and its traditional, non-GM comparator that has a “history
of safe use,” if such a comparator exists. This principle of substantial equival-
ence is not to substitute for safety assessment, but to be an integral and often
a core part of the overall safety assessment, guiding toxicological testing in
a targeted, case-by-case manner [10]. In the same way, the description of a
“history of safe use” is not a safety assessment in itself, but can helpwith data
to support safety of a new product [19].

Legal Status of Inulin-Type Fructans and GOS

Legally, in all countries in which they are used, inulin-type fructans are clas-
sified as food ingredients not as FAs. Consequently, they are not listed in the
standard positive lists of additives from the European Union or from Codex
alimentarius. EUDirective EC 95/2 explicitly lists inulin as a substance that is
not an additive. The EU Standing Committeemeeting of June 1995 confirmed
that oligofructose is a food ingredient. Furthermore and because inulin and
oligofructose were brought to market long beforeMay 25, 1997, in agreement
with the Novel Food Regulation EC 258/97 described earlier, they are not
considered as novel foods or novel food ingredients [20].
In the United States, a panel of experts convened by Orafti declared inulin

and oligofructose as GRAS in 1992 [21]. Their evaluation took the elements
of Table 23.4 into account. Their conclusion was as follows:

Our opinion regarding the safety of inulin and oligofructose is based on
reasoned judgement, primarily on the fact that inulin and oligofructose
are natural components ofmanyof our present foods that have been safely
consumed by human over millennia.

In addition, available scientific evidence clearly indicates that inulin and
oligofructose are not hydrolysed in the stomach or small intestine, but
are fermented completely into harmless metabolites in the colon, where
they are specific substrates for the growth of bifidobacteria. We know
that bifidobacteria are desirable organisms in the human colon. Most
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TABLE 23.4
Summary of Elements that were Taken into Consideration in the Safety
Evaluation of Inulin and Oligofructose

Definitions
Production process data
Food application data
History of long-term use before 1958
Estimate intake in the United States
Estimate consumption of added inulin and oligofructose by the U.S. population
Metabolism, nutritional and physiological effects
Safety of comparable carbohydrates
Food intake data
Human studies animal toxicity data

Source: Kolbye et al. (1992). From Coussement P.A.A., J. Nutr., 129, 1412S–1417S,
1999.

convincing are the findings in patients with disease states and normal
subjects of different ages fed oligofructose.

Inulin and oligofructose intake is self-limiting because of a gaseous
response in the colon that prevents over-usage. Available animal toxicity
studies are consistently free of any suggestions of adverse effects to be
expected from such proposed levels of use in foods.

The exact chemical structures and compositions of inulin and oligo-
fructose have been established and fall into the non-toxic classification.
This represents an advantage of direct knowledge as compared to many
other naturally occurring food components with unknown chemical
composition and structure.

Inulin and oligofructose are dietary fibers by definition and by their nutri-
tional properties. These substances have not always been classified as
’dietary fiber’, and classical analysis do not measure them. However, we
conclude that the most appropriate classification and labeling of inulin
and oligofructose is that of ’dietary fiber’.

Accordingly, we find there is no scientific evidence in the available data
and literature on the food uses of these substances that demonstrates or
suggests reasonable grounds to suspect a hazard to the public when used
at levels that are current or that might reasonably be expected to be used
in the future.

Our position regarding the safety of inulin and oligofructose is based
on the long human experience of consuming inulin containing foods as
well as evaluation of available scientific evidence relating to inulin and
its hydrolysis products. Since inulin and oligofructose have been natural
components of many foods consumed safely by humans over millennia,
there is no reason to suspect a significant risk to the public health when
used in foods.

Therefore, we conclude that these food substances are generally recog-
nized as safe, both by long-established history of use in foods and by the
opinion of experts qualified by scientific training and experience in food
safety after a thorough review of the available scientific evidence.
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As indicated previously, more recently, the FDA received two more
petitions, which asserted the GRAS status:

— One by GTC Nutrition, which related to the FOSs used as bulking
agent

— The other by Imperial Sensus LLC, which related to inulin used as
bulking agent, including in the meat and poultry products

Inboth cases, FDA[5,6] gave the sameanswer: “the agencyhasnoquestions
at this time regarding the conclusion that FOSs or inulin are GRAS under the
intended conditions of use.”

Safety Assessment of Inulin-Type Fructans

In their conclusions, the experts of the different GRAS panels refer to animal
experiments, which do not highlight any adverse effect of inulin or oligo-
fructose. These are very few and, for the majority, relatively old. An excellent
reviewdescribing the data available until 1999was published byCarabin and
Flamm [22]. That reviewwill be summarized here and, if required, the reader
can refer to the original article. Only a few trials have been conducted since
1999. The majority of studies concern FOS/oligofructose.

Acute Toxicity

Acute toxicity of FOS/oligofructose (DP 3.5) was evaluated in male and
female rats (Sprague-Dawley) and mice (JcL-IcR, SPF) by gavage adminis-
tration at the doses of 0, 3, 6, and 9 g/kg b.w. FOS/oligofructose did not
affect mortality or the general state of health or body weight of mice and
rats when administered as single doses up to 9 g/kg b.w. The LD50 for
FOS/oligofructose was estimated to be greater than 9 g/kg b.w. [23].
Because of the nature of the compounds, possible laxative effect of

FOS/oligofructose (average DP 3.5) was assessed in Sprague-Dawley rats
with sorbitol and maltitol as positive control and glucose as negative con-
trol. A single oral dose of 3 or 6 g/kg of each substance was given, dissolved
in 2 mL of water, and animals were observed during 24 h. The degree of
induction of diarrhea ranged as follows: sorbitol (watery) >>> maltitol >
FOS/oligofructose >> glucose = 0; the diarrheal effect of FOS/oligofructose
was less than that of the tested sugar alcohols [22].

Subacute Toxicity: (6-Week Gavage and Feeding Studies)

FOS/oligofructose given daily by gavage at doses of 1.5, 3, and 4.5 g/kg
b.w. for 6 weeks was tested in male Wistar rats. Results of the trial revealed
no abnormalities in organs (except swelling of the cecum) or deaths during
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the study. Some changes in serum chemistry were seen; that were considered
chance occurrence. Itwas concluded that there is no treatment-related toxicity
of FOS/oligofructose up to a dose of 4.5 g/kg b.w. administered orally for
6 weeks [23,22].
FOS/oligofructose was also tested in male Wistar rats in a 6 weeks feeding

trial. Administered at 5–10% in the diet FOS/oligofructose was compared
to sucrose, glucose and sorbitol that served as controls. Feeding diets with
added FOS/oligofructose caused a decrease in bodyweight gain, a reduction
in cholesterol, and swelling of the cecum while, in few cases, pathological
changes of the kidneys and liver, similar to those in the control groups, were
observed. Therefore, it was hypothesized that the reduction in body weight
gain was due to the low caloric value of FOS/oligofructose [23].
The safety of oligofructose produced by inulin hydrolysis was evaluated

in a more recent classical 13-week rat study [24]. Dietary oligofructose levels
were 0.55%, 1.65%, 4.95%, and 9.91%. A control group was included in the
study. Clinical chemistry and hematology parameters were measured after
weeks1, 6, and13. At study termination,macro- andmicroscopic examination
of 55 tissues was conducted.
Small decreases in body weight and food consumption occurred during

the first 4 weeks but not thereafter in male rats. In the FOS/oligofructose
groups, significant decreases in total cholesterol, LDL, and HDL cholesterol
levels were observed in both male and female rats. Cecal weights were also
increased in a dose-relatedmanner, reaching>200%of the control in the high-
dose group. Nopathologic abnormality in the cecum samplewas observed on
microscope examination. No other unexpected macro- or microscopic obser-
vations were made. The authors concluded that FOS/oligofructose “exhibits
an excellent safety profile at all levels studied.”
By reference to the recent discovery of the effect of inulin-type fructans on

the production of gastro-intestinal peptides (especially glucagons-like pep-
tide 1 and ghrelin) that are known to play a major role in appetite regulation,
the observed reduction in body weight reported earlier might be beneficial
rather than deleterious. The same holds true for the effect on lipidemic para-
meters (see the Chapter by Delzenne et al. in this Handbook for further
development on this matter).

Chronic Toxicity and Carcinogenicity Studies

A long-term carcinogenicity study over 104 weeks was performed with
FOS/oligofructose (average DP 3.5) added at 0.8%, 2.0%, and 5.0% into the
diet of male and female Fisher 344 rats [25]. FOS intake was, respectively,
equivalent to 341, 854, and 2170 mg/kg/day for male and 419, 1045, and
2664mg/kg/day for female. A decrease rate of survival in themale 2.0%dose
group was not considered treatment-related. Body weight gain, food intake,
food efficiency, and organ weights were unaffected by FOS/oligofructose as
did the hematology parameters.
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In relation to blood chemistry, in male rats, a slight significant elevation of
Na andClwas observedwith FOS/oligofructose aswell as a slightly elevated
blood glucose level and creatinine in the 2% dose group. However, creatinine
decreased in the 5% dose group. In female, a slight elevation of uric acid was
observed at the 0.8% and 2.0% doses.
No treatment-related macro- or microscopic changes were found. Incid-

ence of spontaneous tumors in the FOS/oligofructose-treated animals was
comparable to that of controls, with the exception of pituitary adenomas the
incidence of which was 20%, 26%, 38%, and 44% respectively in the 0%, 0.8%,
2.0%, and 5.0% dose groups in male. While the incidence in the two highest
groups was significantly greater than the incidence in controls, the incid-
ences of this tumor in the study was well within historical range (1–49%) for
all male F 344 rats [26]. The statistical significance of the dose-response trend
depends on the treatment applied to the data (Cochran-Armitage or logistic
regression). No trend in the incidence of pituitary adenomas was recorded
in female. Based on these elements, the authors concluded that the higher
incidence of pituitary adenomas in the males was not treatment-related.
The incidence of neoplasms was not influenced by FOS/oligofructose

administration and FOS/oligofructose did not show a carcinogenic potential.

Developmental and Reproduction Toxicity

In a reproduction toxicity test, Henquin [27] administered FOS/oligofructose
at 20% in thediet toWistar female rats fromday1 to 21 of gestation. Compared
to the control group FOS/oligofructose had no effect on the number of preg-
nancies; but a reduction inbodyweightgainof thepregnant ratwas identified.
Even if the fetuses and newborn weight were not affected, a growth delay
was observed for the male pups during the nursing period. This effect was
explained by a restricted nutritional status (lower caloric value of FOS/oligo-
fructose, decrease dietary intake, and/or diarrhea) of the lactating mother.
The author concluded that a diet containing 20%FOShas no significant effects
on the course of pregnancy in rats and on the development of the fetuses and
newborns.
A reproduction and developmental study was conducted by Sleet and

Brightwell [28] in CrL CD (SD) BR rats following administration of
FOS/oligofructose during gestation. After administration of FOS/olig-
ofructose at 4.75% in the diet from day 0 to 6 postcoitum in order
to avoid diarrhea, the pregnant rat received diets containing 5%, 10%,
and 20% FOS/oligofructose until day 15, then a free FOS/oligofructose
diet. A control group received a free FOS/oligofructose diet during the
whole pregnancy period. The rats were sacrificed and the litters examined
on day 20. There was no diarrhea (probably because of the adapta-
tion period) and no deaths in any of the test animals. FOS/oligofructose
administered during the pretreatment period did not affect body weight
and body weight change. However, body weight and body weight
changes decreased in a dose-related manner in all FOS/oligofructose
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groups between day 8 and 11 postcoital compared to the control group.
At the end of the study, the 20% FOS group weight remain below
controls.
At necropsy, the dam’s examination was unremarkable and the number

of pups/litters, the sex ratio, and viability of both the embryo and the fetus
were not affected by the FOS/oligofructose administration. Fetal and litters
weights were not reduced and the fetal weight of the 20% group was statist-
ically greater than that of the control. Structural development of the fetuses
was not affected.
The conclusion of the study was that FOS/oligofructose at 20% in the diet

did not produce adverse effects and did not affect pregnancy nor in utero
development of the rat. As observed in the preceding trial, the only treatment-
related effectwas the alteration in the bodyweight gain of dams. Amoderated
reduction of the body weight was observed in the 20% FOS group (see the
comment above).

Genotoxicity

Three genotoxicity tests were conducted with FOS/oligofructose (average
DP 3.5):

— Microbial reversemutation assays (Ames) in Salmonella typhimurium
strains TA 1535, TA 1537, TA 1538, TA 98, and TA 100 and in
Escherichia coliWP2 uvr A

— An L5178Y mouse lymphoma TK± mammalian cell mutation assay
— An assay for the induction of unscheduledDNA synthesis in human

epithelioid cells (HeLa S3)

Using awide range of test doses for each assay, with andwithoutmetabolic
activation, no genotoxic potential was observed [24].

Safety Assessment of GOS

Subacute Toxicity

Humanmilk oligosaccharides induce an increase in the number of bifidobac-
teria and a reduction in the number of potentially pathogenic bacteria in
the colonic flora. The composition of these oligosaccharides is complex
and variable, and it is thus difficult to reproduce it to complement infant
formulas. Several alternatives to reproduce at least part of the effects of
oligosaccharides of the mother’s milk consist in the addition of specific
oligosaccharides.
Various mixtures of inulin-type fructans and GOS have been added to

some infant formulas in Europe for several years. In 2003, the Scientific
Committee for Food, confirming previous opinions, reaffirmed that “it has
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TABLE 23.5

Experimental Protocol for Testing Vivinal® GOS

Dose Group Males Females Dose Material Dose Level mg/kg/day

1 15 15 Deionized water 0
2 15 15 FOS 5000
3 15 15 Vivinal® syrup GOS 2500
4 15 15 Vivinal® syrup GOS 5000

Source: From Anthony J.C., Merriman T.N., Heimbach J.T., Food Chem. Toxicol., 44, 819–
826, 2006.

no major concerns on the inclusion of up to 0.8 g/100 mL of a combination of
90% oligogalactosyl-lactose and 10% high-molecular-weight oligofructosyl-
saccharose (i.e., inulin-type fructans) to infant formulas and follow-on for-
mulas. It also reaffirms its previous comment that further information should
be gathered on safety and benefits of this combination as well as other forms
of oligosaccharides in infant formulas and follow-on formulas.”
Galactooligosaccharide or GOS, is composed of chains from 3 to 8 galactose

units with a glucose end-cap, produced from lactose by the action of a β-
galactosidase. A commercial product, Vivinal® GOS, is a syrup obtained
by the action of a β-galactosidase from Bacillus circulans, which contains
approximately 45% of GOS and digestible sugar 30%—lactose (15%), gluc-
ose (14%), and galactose (1%). This product being a candidate for addition in
infant formula in United States and perhaps because of the SCF statement,
a 90-day oral study was conducted in rats with Vivinal® GOS syrup [29].
This standardized gavage study was made according to Good Laboratory
Practices.
The protocol of the study is complex, because it aimed at testing GOS

and another product at the same time. Without going into details, the pro-
tocol used is summarized in Table 23.5. In fact, this study made it possible at
the same time to test GOS syrup administered for 90 days by gavage in the
amounts of 2.5 and 5 g/kg b.w. compared to a control group receiving only
deionized water, and also compared to the FOS/oligofructose (5 g/kg), this
last group being compared to the control.
No relevant differences were noted in mean body weights for either sex

in the GOS groups when compared to control or FOS/oligofructose groups.
Even if food intakewas, in general, lower in adose-dependantmanner inGOS
groups and in the FOS/oligofructose group compared to the control group,
the food efficiency was not different in GOS compared to FOS/oligofructose
group. These differences could be explained by the caloric content of the
gavage solutionadded to the caloric content of thediet in the treatmentgroups
(see comment above).

Clinical signs were unremarkable and there were no ocular finding in
any animal. Analysis of clinical pathologies, including blood chemistry,
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haematology, urine analysis and coagulation revealed only random stat-
istically significant effects. There were also occasional effects noted on
absolute and relative organ weights . . . . There were no findings at study
termination in either macroscopic or histopathologic examination that
indicated that any of these effects were related with the test mater-
ial. In addition, the random occasional observations in haematology
and blood chemistry were within the range of intra-laboratory historical
controls, were not consistent between sexes and were not dose-related.
And, as noted above, none was corroborated by microscopic or histo-
logical findings . . . . Based on the lack of toxicologically relevant effects
on other parameters in the study, the non-observable-adverse-effect-level
(NOAEL) forGOSsyrup is 5g/kgb.w./daywhenadministeredbygavage
for 90 consecutive days.

These results are a reassurance that FOS/oligofructose administered at the
dose of 5 g/kg b.w./day has no effect of toxicological significance.

Allergenic Potential

Like other closely related plants in the Compositae family, Cichorium intybus
and Cichorium endivia, the most common sources of inulin are not com-
monly considered allergenic. However, some of the most notorious pollen
involved in respiratory allergies such as mugwort in Europe and ragweed
in the United States also belong to the Compositae family. This is the reason
why Taylor S. L. [30] assessed the allergenicity of inulin in a review primarily
focused on allergic reaction to chicory or Belgian endive. In 1999, the conclu-
sions of the authorwas: “While a few reports of IgE-mediated allergic reaction
to chicory, endive, and lettuce have appeared in the medical literature, these
foods would be classified as rarely allergenic. Occupational allergies from
the handling of chicory, endive, and lettuce are more commonly encountered
than ingestion allergies. However, even occupational allergies to these foods
is rare. Only one well-documented case of ingestion allergy to chicory has
been reported in the medical literature, although some of the patients with
allergies to lettuce and endive might be expected to react to chicory. A few
described cases involve relatively severe reactions such as laryngeal edema.
The single well-documented case of ingestion allergy to chicory was associ-
atedwith extreme sensitivity to exposure tomere traces of chicory. The current
evidence suggests that, as expected, the allergens in chicory are proteins. No
allergic reactions have been reported to inulin ingestion. If inulin contains
residual protein, an extremely remote risk exists to the rare patient who is,
otherwise, allergic to chicory proteins. However, the likelihood of allergic
reactions to residual proteins would be dependent upon sensitivity of the
patient and the level of protein present in inulin. Thus, the risk of allergic
reactions to inulin seems extremely small.”
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Since 1999, a few publications have reported additional cases of allergic
reactions to inulin or inulin sources. In 2000, Gay-Crosier et al. [31] observed
separate episodes of anaphylaxis following the ingestion of artichoke leaves,
amargarine containing chicory long chain inulin and a candy containing long
chain inulin or oligofructose. A skin-prick test revealed hypersensitivity to
each of the above foods or ingredients.
Inulin clearance being the “gold standard” for the determination of glomer-

ular filtration rate in medical practice, an intravenous test is used with inulin
(sinistrin in Inutest), and a first case of anaphylaxis was reported following
intravenous administration of inulin in 2002 [32].
In 2005, two cases of allergy from inulin in vegetables and diet food were

described by Gutierrez-Gomez et al. [33]. One woman had two episodes of
anaphylaxis a few minutes after the ingestion of artichokes and two kinds
of cakes and dietary potage. In the cake and potage recipe, inulin appears
among the ingredients. A second patient presented a generalized urticar a
few minutes after eating a processed meal in which inulin is present as an
ingredient.
In another publication in the same year, Franck et al. [34] described in a

women with a past history of allergy to artichoke, two episodes of imme-
diate allergic reactions, one of which was a severe anaphylactic shock after
eating two tapes of health foods containing inulin. Dot blot assay techniques
identified specific IgE to artichoke, to yoghurt F, and to heated BSA+ inulin
product. Dot blot inhibition technique revealed the anti-inulin specificity of
specific IgE, confirming previous results. The absence of a positive reaction
to an unheated milk-inulin mixture indicates the probability of a protein-
inulin binding. There is no cross-reactivity with the carbohydrates of the
glycosylated allergens. Helbling et al. [35] identified six protein allergens
in Belgian endive. The two most intense IgE-binding proteins in this study
appeared similar to those already described by Escudero et al. [36] in the sera
of a patient.
In summary, allergic reaction to inulin and inulin-containing foods are

extremely rare and affect often patients with a history of allergy contrac-
ted by occupational contact. One efficient way to reduce the allergic risk
of inulin-type fructans is to minimize the residual protein content of the
products.

Tolerance

Even if the digestive tolerance of nondigestible oligosaccharides, strictly
speaking, is not part of their toxicological evaluation, it is an important
point for the consumer, since this concerns intestinal comfort. All carbo-
hydrates that are nondigestible in the small intestine and are fermented in the
colonmay have different side effects generally referred to as “gastrointestinal
symptoms.” Flatulence, bloating, abdominal distension, borborygmi, and
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rumbling are known and accepted after dietary intake of fruits and veget-
ables. These have also been observed with ingestion of inulin-type fructans
andGOS.A reviewof the availabledatawaspublishedbyCarabin andFlamm
in 1999 [22] who analyzed more than fifteen studies intended to identify
gastrointestinal symptoms after ingestion of inulin-type fructans. Their con-
clusion is that: “signs of intolerance can be seen with intakes above 20–30 g
(depending on the study) . . . . Given present dietary fiber labelling require-
ments, consumers will be able to make appropriate and individual choices
on daily intake.”
In line with this last remark, Roberfroid [37] commented that it remains

difficult to distinguish between an acceptable and unacceptable side effect
of colonic fermentation, and symptoms like flatulence or bloating, which are
difficult to assess objectively. Moreover, the same degree of flatulence can be
acceptable for one person but not for another. The same author adds that,
regarding sensitivity to intestinal fermentation of carbohydrates, the results
of such tests reveal that volunteers fall into three categories in terms of the
amount of nondigestible carbohydrates they are able to tolerate:

1. Nonsensitive persons who can consume 30 g/day or more almost
without undesirable (unusual) reactions

2. Sensitive persons who consume 10 g/day almost without undesir-
able (unusual) reactions but can experience undesirable reactions at
20 g/day or higher

3. Very sensitive persons who can already experience undesirable
reactions at 10 g/day or even lower

Based on average reactions, these three categories represent respectively
71–94%, 5–25%, and 1–4% of adult volunteers [38].
Taking into account the potential intake of inulin-type fructans and GOS

from both natural sources and supplemented food products (see above), the
risk of GI symptoms is not zero, but it concerns only a small percentage
of the population, that remains difficult to assess without a post marketing
monitoring. To design such a study remains difficult. Moreover, it can be too
early to do so as the market is developing. Still it must be underlined that
after more than 15 years of industrial development of inulin-type fructans
and GOS, complaints about such effects remain limited even in the human
intervention studies that have been reported so far (for more details see the
different chapters in this Handbook).

Production Process and Specifications: Potential Effects on Safety

Since the inulin-type fructans and GOS classify as food or food ingredients,
they must fit with ad hoc legislations and regulations.
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Two important components, whichwill determine the safety of these foods
or food ingredients, will be

1. The method of preparation
2. The specifications of the products

Methods of Preparation

Inulin-Type Fructans

Inulin is extracted from the chicory roots by a process similar to the extrac-
tion of sucrose from sugar beet (diffusion in hot water) (for more details
see Chapter 22 in this Handbook). The extraction process does not change
the molecular structure or composition of the native inulin, which is further
purifiedusing common technologies in the sugar and starch industries. Short-
chain components are removed from raw inulin to obtain long-chain inulin
products.

FOS/Oligofructose

For the production of FOS/oligofructose

— Either native inulin is partially hydrolyzed by an enzymatic action
of an inulinase from Aspergillus niger or Aspergillus ficuum or the
purificationprocess is similar to theprocessused in the caseof inulin.

— Or sucrose serves as a substrate for a transfructolysation reaction
using a β-fructofuranosidase from Aspergillus niger. The reaction
mixture contains FOS/oligofructose, glucose, and residual sucrose.
After heating in order to deactivate the enzyme, it is then clarified
by filtration and deionized on ion exchange resin column. The pur-
ified reaction mixture is concentrated by evaporation and the final
product is a liquid sweetener—a mixture of FOS/oligofructose and
residual sucrose and glucose. Residual sucrose and glucose can be
removedusing a simulatedmoving-bed chromatographic separator.

GOS

One commercially produced GOS is syrup containing approximately 45%
GOS and 30% digestible sugars that is prepared from lactose using β-galacto-
sidase from Bacillus circulans and partially dried by evaporation to form
syrup.
All these production processes are common in food industry; they are

not “novel” in the sense of the European Union, for example. The enzymes
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used are isolated frommicroorganisms also commonly used in different food
processes. Only a few countries (e.g., Denmark and France) have a regu-
lation for enzymes used in food processes and thus considered until now
as processing aids. As an example, β-fructofuranosidase from Aspergillus
niger and β-galactosidase from Bacillus circulans appear on the French
positive list of enzymes that can be used in foods and drinks intended for
human diet.
In July 2006, the European Commission has adopted a package of legis-

lative proposals, which are intended to harmonize EU legislation on food
enzymes for the first time and upgrade current rules for flavorings and
additives. This proposal is under discussion in the European Council and
Parliament.

Specifications

An important point likely to consolidate the safety of inulin-type fructans
and GOS, concerns their specifications. These must respect the general
specifications for food or food ingredients concerning, for example, heavy
metals, or pesticides residues, or microbiological quality. Scrutinizing the
data sheets of each product is likely to reassure the users and the con-
sumers as for their safety. For example, for the Beneo® products, detailed
information are available in a booklet [39], which presents the food safety
program, good manufacturing practices implemented in the company and
product data.

Conclusions

Today the classification of inulin-type fructans and GOS and their sources as
food or food ingredients is not debated. The recognition of their GRAS status
and/or their history of safe use is sufficient to guarantee their safety for the
public authorities, the users, and the consumers.
In complement of these judgments that are based on scientific analyzes,

as carried out by the panels, which evaluated the files of the products, tests
of toxicological nature were carried out, including studies of chronic toxicity
and carcinogenesis. Stricto sensu the available tests alone would, in my opin-
ion, not be considered sufficient to make the products accepted if these had
been classified as FAs. Indeed, the recognition of their ingredient status is an
essential element for their safety evaluation.
As underlined previously, the assessment of data of “classic” toxicolo-

gical tests shows how difficult it is to test the safety of a food or a macro
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component of food. In many of these tests, statistically significant differences
are observed in the experimental groups compared to reference groups. How-
ever, the authors of these studies conclude that, based on the experience of
the toxicologists, the observed differences have no biological or toxicological
significance and/or are not related to the products tested. This reasoning is
justified from a scientific point of view.
Today, however, such a scientific position might become more and more

challenged for new foods or food ingredients. Indeed, in certain countries,
especially in Europe, industrialized food products are disputed by certain
groups of consumers or citizens. In the case of macro components of food,
these groups tend to challenge the fact that the uncertainty factor between the
maximum amounts used in animal experiments without effect (NOAEL) and
the level of human exposure, in particular for the higher consumer groups,
is far from reaching the factor of 100, classically applied in food safety man-
agement. It is very difficult to convince these opponents that the biological
variability within the animal groups used, which are not genetically pure
makes inevitable the recorded differences without toxicological significance.
One can wonder, in the case of food or of macro components of food,

whether it will remain, in the future, appropriate or relevant to perform
animal tests whose results could always be disputed because of the inad-
equacy of the traditional methodologies of toxicology for the evaluation of
the safety of food.
In conclusion, no element of a large file reveals any risk to consumer health

for inulin-type fructans and GOS. The gastrointestinal symptoms that some
consumersmight feel are comparable in nature to those that follow an excess-
ive consumption of fruit and vegetables or any dietary fiber-rich diet because
of their content in nondigestible carbohydrates. Moreover, these reactions
are largely individual in nature and each consumer experiences a personal
tolerance to these products, and he/she can adjust his/her consumption to
his/her sensitivity.
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Concluding Remarks

Glenn R. Gibson and Marcel B. Roberfroid

The science of prebiotics has come a longway since initiation of the concept in
1995. Concomitantly, new product developments have also moved at a rapid
pace. This handbook has attempted to pull together the latest scientific devel-
opments, health applications of the concept and human/animal applications.
Prebiotics were developed as gut microflora modulatory tools. This has

similarities to the original probiotic aim, and the two approaches have been
long associated. However, they are somewhat different in nature, albeit that
the intended (health) outputs are, at least partly, similar. The various advant-
ages and disadvantages of both are discussed elsewhere in this book. What is
clear is that both, aswell as their combination in a synbiotic, enjoy amajor role
in the current functional food sector. In the United Kingdom alone, the estim-
ated sales (by the Institute of GroceryDistributors) of functional foods in 2007
will be £1720 million. There has been a move toward gut flora modulation
being a primary focus for diet and health perspectives.
Hopefully, the important research avenues are identifiable to readers of

this handbook. What is clear is that many further opportunities exist. These
include

• Effects systemic to the gut
• Structure to function explanations of mechanisms of effect
• New food product developments
• Extrapolation into other areas of human and animal welfare
• The development of new prebiotics, perhaps offering multiple
functionality

• A generation of new variant probiotics that exploit the synbiotic
route

• Improved knowledge of the symbiotic relationships between the
colonic microbiota and whole body physiopathology

471
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Science cannot progress without funding into appropriate research aven-
ues. The prebiotics area has obvious commercial interest that has attracted
sponsorship from the functional foods industry—as does probiotics. Histor-
ically this has been something of a “sea change” in that the food industry
is not conventionally seen as major research sponsors when compared to
pharmaceutical conglomerates. This has been criticized, but the independent
nature of this work has helped propel the concept into mainstream science.
Commercial sponsorship is easy to understand from the viewpoint of product
initiatives; yet, as this handbook shows, the scientific value, understanding,
and future perspectives of prebiotic research attracts many disciplines and
discovery opportunities. Without such funding, the prebiotic concept itself
would not exist—neither wouldmany research groups pioneering important
diet, basic physiology, and health issues.
On the contrary, prebiotic and probiotic research does not seem to be at all

attractive to themore traditional sponsors ofworldwide science (e.g., research
councils, government bodies, health organizations, and food standards agen-
cies). Perhaps “tradition” is the problem. The only exception to this is the
EuropeanUnion, who through their lateral thinkingFrameworkProgrammes
4–6, have brought together much interdisciplinary expertise and answered
many important questions. Their approach to food research is refreshingly
proactive and not reactive, but sadly unique among the major sponsors.
This is a pity, as the health impact is profound (e.g., the ubiquity of

gastrointestinal disorder is probablyuniversal, and the roles of an appropriate
colonicmicroflora in health andwellbeing appearmore andmore important),
the expertise is high-quality, crossingmanydisciplines and thefield ismoving
quickly. The good news is that the research has happened anyway.
However, it is rare that in little over a decade, there has been such rapid

progression, albeit seen as “puritan” by some parties. So, why is this? Our
belief is that the prebiotic initiation correlated with, or even perhaps helped
stimulate, a major development in bacteriology—specifically human gut
microbiology. This was the advent of molecular-based procedures for identi-
fying prokaryotic type, composition, and number. Examples largely include
polymerase chain reaction (PCR)-based approaches to diagnostic molecules
such as 16SrRNA. The research had coincidentally been provided with tools
to robustly identify mechanisms of interaction applicable to human trials in
large numbers, multiple laboratories, relevant clinical states, age groups, and
across populations. Similarly, laboratory-based research could more closely
identify mechanisms of effect and transpose studies into appropriate animal
situations—often leading to significant developments in the companion pet
industryandagriculturalpurposes (e.g., prebiotics arenowviewedas realistic
alternatives to antibiotics in the farmyard).
Where next? The prebiotics field is moving well and has attracted excellent

scientists (many of whom are represented here). However, there could be a
new research development that even outstrips that of molecular approaches
to gut microbiology and has prebiotics as the forefront. This is the science
of “metabolomics.” Here, approaches such as high-quality nuclear magnetic
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resonance (NMR) and mass spectrometry have the ability to assess entire
metabolic profiles in serum, urine, and feces and correlate these with gut
microbial functionality. This is applicable to human and animal work, with
the same generic approach that the output drives the technology. Indeed, the
combined metabolic output of human metabolism and that of our resident
bacterialmicroflora is nowknown as the humanmetabonome (J.K.Nicholson
and colleagues). Here, it is suggested that the metabolic capacity of the gut
microbiome is so vast that it impacts hugely overall upon human metabol-
ism, thereby dictating the environmental impact of, for example, many food
and pharmaceutical approaches. The questions that arise are major, with
acute and chronic gut difficulties, cognitive disorders, metabolic syndrome,
and obesity-related conditions all under investigation. Unlike our genetic
makeup, the gut microbiota is amenable to change through diet. For preb-
iotics, this has been confirmed with reliable forms such as the inulin type
fructans and, later, the galactans. For other candidates, the jury is still out,
and much more evidence is needed.
Nevertheless, the capabilities of prebiotic-induced gut microbiota change

are now known, as is the potential to determine metabonome impact.
Coupling the two may mean that the prebiotic story for improving human
health/well-being standards is only just beginning.
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Aberrant crypt foci (ACF), 288, 297
Acetyl-CoA carboxylase (ACC), 167
Acidic oligosaccharides, 396
Actinobacteria, 378
Acylation stimulating protein (ASP), 176
Acyl-CoA synthase (ACS), 166
Adaptive immune system, 357
Adenomatosis polyposis coli (APC) gene,

267
Adipose tissue, 220
Adipose tissue aquaporin (AQPap), 176
Adipose tissue lipase (ATGL), 178
Aging process, factors influencing, 406
Agouti gene-related protein (AGRP), 223
Agouti-related peptide (AgRP), 221
AKR mouse strain, 271
Allergic disorders, pathogenesis of, 130
2-Amino-1-methyl-6-phenylimidazo-

[4,b]pyridine, 269–270
AMP dependent kinase (AMPk), 170
Anabolism inhibition, 202
Anaerobic organisms, 15
Androstenone, 425
Animal-based toxicology, 453
Animal models

carcinogenesis studies in, 297
of chronic intestinal inflammation,

348
effects of prebiotic lactulose, 385
mucosal inflammation in, 389
nutrition, chicory fructans for, 423
prebiotic effect of resistant starch (RS)

on, 304–305
reduction of colon carcinogenesis

by further prebiotics, 305–306
inulin-like fructans, 297–304
prebiotic effect of resistant starch,

304–305
by synbiotics, 306–307

Anorexic hormone, 223
Anorexigenic neurones, 221
Anti-adhesive oligosaccharides, 24–25
Anti-carcinogens, 329
Antidiabetic agents, 236
Antigen immunohistochemistry, 268

Antigen presenting cells (APC), 126, 354
Antimicrobial growth promoters, 424
Antimicrobial peptides, production of

gene encoded, 18
Antimicrobial resistance, 425
Antineutrophil cytoplasmic antibodies

(ANCA), 343
APC-mutated transgenic mouse model,

304
Apical eosinophilic secretory granules, 117
Apoptosis

induction in neoplastic cells, 310
mechanism for controlling immune

system, 360
Apoptotic epithelial cell, 134
Apoptotic index, 310
Aquaculture, prebiotics in, 428
Aspergillus niger, 47, 71
Atherosclerosis, development of, 205
Azoxymethane (AOM), 149, 266, 269

B
B. animalis, 17
Bacillus circulans, 462
Bacillus subtilis, 170
Bacterial adhesin (lectin) receptor, 25
Bacterial biomass, 429
Bacterial colonization, 121
Bacterial ribosomal synthesis, 18
Bacterial ribosomes, 45
Bacterial translocation, 273, 383
Bacteriocins, 444
Bacteroides fragilis, 84
Bacteroides thetaiotaomicron, 122, 202
Bacteroides thetaiotomicron, 18
Basic-helix-loop-helix (bHLH), 227, 252
B cells

activation of, 131
production of immunoglobulin, 130
role in mechanisms of colitis, 359

Bifidobacteria
ecological niches of, 22
growth of, 381
stimulation of, 394

Bifidobacterium adolescentis, 394
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Bifidobacterium animalis, 398
Bifidobacterium longum, 273, 305, 307
Bifidobacterium spp., 24, 74
Bifidogenic oligosaccharides, classes of,

see established prebiotics
Bile salts export protein (BSEP), 185
Blood–brain barrier, 221
Blood glucose, 236
Bone mineral content (BMC), 106
Bone morphogenetic pathway (BMP), 117
Brain

lesion, 220
peptides as regulators of food intake,

220–223
Brain-gut signaling system, 224
Breast cancer, 319
Breast-fed infants

flora development of, 395
intraluminal content of, 394

Breastfeeding, 393–394
Broiler

genetic selection, 426
prebiotics in diets of, 426

C
Calcium

absorption
active or passive, 94
bacterial composition and, 98–99
degree of polymerization (DP) in, 106
effect of prebiotics on, 94, 97
effects of specific fatty acids on, 98
longitudinal study of, 107–109
three stages of, 94

dietary intake of, 105
Calves, prebiotics effects on, 427
Campylobacter jejuni., 426
Cancer

breast cancer, 319
colorectal cancer, 286
factors influencing incidence of, 286
prevention and early detection, 286

Canine intestinal microbiota, 428
Carbohydrate fermentation, 274
Carbohydrates

effect of nondigestible, 207
fermentation, 17
miscellaneous, 57

Carcinoembryonic antigen (CEA), 288
Carcinogenic agents, chemical induction

by, 268
Cardiovascular disease (CVD), 205, 285
Cats

fecal nitrogen excretion, 430
fructan supplementation in, 430
prebiotic effect of OF in, 429

CCK hormones

digestion capacity determination, 225
production of, 225
role of, 225

Cecal microbiota, 427
Cell–cell interactions, 25
Cell organelles, 183
Cell surface glycoconjugates, 394
Cell trafficking, 359–360
Chain oligofructose, 423
Chemical carcinogens, mouse strains in

response to, 268
Chemically induced cancer models, 297
Chicorium intybus, 396
Chicory fructan chains, 422
Chicory inulin, 422
Chicory oligofructose, 439
Cholesterol

absorption of, 166
hydrolysis of dietary esterified, 166
metabolism of, 182
synthesis and uptake in cells, 182–186

Cholesterol homeostasis, 204–205
Cholesterol metabolism, 182
Chronic idiopathic inflammatory diseases,

342
Chronic intestinal inflammation, 349
Chronic mucosal inflammation, 386
Chronic toxicity and carcinogenicity

studies, 459–460
Cichorium endivia, 463
Cichorium intybus, 438, 463
Clostridium coccoides, 407
Clostridium difficile, 55, 408
Clostridium histolyticum, 277
Clostridium leptum, 407
Clostridium perfringens, 426, 430
Cocaine- and amphetamine-regulated

transcript (CART), 221, 224
Colon

cancer
beneficial effects of prebiotics against,

297
epidemiological studies, 296
mechanisms of prevention of, 307–310
promotion phase of, 309
risk of incidence of, 296
role of prebiotics in prevention of,

274–275
carcinogenesis, 276, 302

inhibitory effect on, 331
studies in humans, 316–318

carcinoma cells, 315
modulation of GLP-1 synthesis in,

251–253
physiological function of, 272

Colonic adenocarcinomas, 276
Colonic epithelial cells, 3, 248, 382
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Colonic epithelial lining, 278
Colonic fermentation, 16, 170
Colonic inflammation, 350
Colonic lumen, 277
Colonic microbiota

before and after prebiotic
consumption, 8

composition of, 4
evolvement of, 2
identification of composition changes,

44–45
identification of new species, 1
microorganisms community of, 1, 24
molecular-based microbiological

methodologies,
development of, 1

nutrients
categories of, 5
optimization of, 5
prebiotics concept, 4

Colonic microflora colonization, 268
Colonic mucosal cells, 269
Colonic neuroendocrine tumor, 229
Colonic nutrients, category of, 6–7
Colonic tumor induction, 266
Colonization resistance, 17
Colonizing bacteria, role of, 385
Colon mucosa, 314
Colorectal adenomas, 288
Colorectal cancer (CRC)

chance of developing, 286
development of, 413
prebiotics, role in preventing,

288–291
prevention strategy for, 286

Colorectal cancers, 296
Commensal bacteria, 347–348
Commensal flora, role of, 17
Commensal microflora

establishment of flora, 121–122
flora diversity, 122–123

Constipation
etiology of, 411
side effects of, 410

Cow’s milk formula feeding, 395
Crohn’s disease, 26

antibiotics for treating, 350
characteristic histopathologic features

of, 343
clinical features of, 342–343
environmental factors affecting

incidence of, 353
epidemiology of, 342
infectious origin of, 376
pathogenesis of, 121, 342
TH1 response categorization of,

357

Cytokine-induced hyperlipoproteinemia,
206

Cytophaga-flavobacterium-bacteroides, 15

D
Denaturing gradient gel electrophoresis

(DGGE), 45–47, see also temperature
gradient gel electrophoresis
(TGGE)

Dendritic cells, 146
De novo lipogenesis (DNL), 164, 168–171,

174–175
Deoxycholic acid (DCA), 313
Dextran sodium sulfate (DSS), 382
Diacylglycerols (DAG), 165
Diarrhea, mortality associated with,

409–410
Dietary fiber

chemopreventive effects of, 296
components of, 275
digestibility of, 275
effects on postprandial plasma glucose

concentrations, 247
fermentable, 250
putative role of, 248

Dietary fructans, protective effect of, 254
Dietary heterocyclic amine, 269
Dietary intervention trials, 408
Dimethylhydrazine (DMH), 268–269
Dipeptidyl peptidase IV (DPP-IV), 226,

231
Direct community analysis, process for, 46
DNA

alkylation, 269
synthesis, 23

Dogs
effect of prebiotics in, 428
fecal odor and fecal consistency in, 429
hyperlipidemic, 429

Dorsomedial hypothalamus (DMH), 221
Dual energy x-ray (DXA) absorptiometer,

for determining BMC, 109
Dysregulated immune responses, 344

E
Eimeria acervulina, 426
Elder people, see older people
Endocrine gastrointestinal cells, 224
Endogenous digestive process, 42
Endogenous gut peptide production, 258
Endogenous ligand, 224
Endoplasmic reticulum (ER), 166
Endoscopic biopsies, 77
Energy detecting system, 222
Energy homeostasis

adaptation of, 220
process of, 220
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Energy-regulatory reflex, 222
Enterobacter cloacae, 348
Enterococci, 424
Enterocytes, endoplasmic reticulum of,

132
Enteroendocrine cells, 118, 226, 259
Enteroendocrine cells segregate, 227
Enteroglucagon, 249
Enzymatic hydrolysis, 42, 437
Epithelial cells, 120
Epithelial colon cancer cells, 314–316
Erythropoietin-producing hepatoma, 117
Escherichia coli, 121, 277, 313, 348, 425, 427
Established prebiotics

galacto-oligosaccharides, 81
inulin and oligofructose, 71
lactulose, 80–81

Esterified cholesterol (EC), 183
Eubacterium cylindroides, 21
Eukaryotic cells, 8, 330

F
Faecalibacterium prausnitzii, 73
Familial adenomatous coli, 288
Familial adenomatous polyposis (FAP),

286, 316
Fasting-induced adipocyte factor (FIAF),

202
Fatty acid metabolism, 237
Fatty acids

sources used for TAG synthesis, 168
synthesis of, 204

Fatty acid translocase (FAT), 165
Fatty acid transport protein (FATP4),

165
Fecal ammonia concentrations, 425
Fecal microbiota, 380
Fecal steroid excretion, 209
Fecal water genotoxicity, 314
Fermentable carbohydrates, effect of,

251
Fermentable dietary fibers, 248
Fermentation

carbohydrate, 17
colonic, 16
proteolytic, 16
testing by intestinal microbiota

in vitro methods, 43
in vivo methods, 43

Flat colonic mucosa, 288
Fluorescence in situ hybridization (FISH),

45, 75, 351, 381
Follicle-associated epithelium (FAE), 119,

145
Food additive (FA), 450
FOS, see fructooligosaccharides (FOSs)
Free cholesterol (FC), 182

Fructans, composition of, 276
Fructooligosaccharides (FOSs), 71, 106,

148, 396, 450, 458
Fructose-based oligosaccharides, 445
Functional food

definition of, 329
development of, 329

G
Galacto-oligosaccharides (GOS), 147, 306,

396
chemical structure of, 439
manufacturing of, 278
prebiotic efficacy of, 82
presence in milk, 423
safety assessment of

subacute toxicity, 461–463
technological properties of, 440

Gastric hormone, 225
Gastric secretion, 224
Gastrointestinal disorder, 472
Gastrointestinal disorders, diseases

associated with older people, 406
Gastrointestinal epithelial cells, 120
Gastrointestinal flora, 395
Gastrointestinal (GI) tract, functions of,

116
Gastrointestinal homeostasis, 248
Gastrointestinal infections, 4, 27
Gastrointestinal microflora, 88
Gastrointestinal pathogens, 422
Gastrointestinal peptides, 248, 256
Gastrointestinal symptoms, 464
Gastrointestinal tract (GI), 220
Gene expression, modulation of, 3
Genes, nuclear transcriptional activation

of, 128
Genetically modified (GM) organisms,

456
Genetic manipulation, induction by,

270–271
Genotoxic carcinogen, 310
Genotoxicity tests, 461
Germ-line encoded receptors, 126
Ghrelin, 224–225
Ghrelin plasma levels, changes of PYY

and, 254
Ghrelin secretion, 254
GLP-1

extrapancreatic actions of, 237
extrapancreatic effects, 233
hepatoportal vein and, 234–236
insulinotropic action of, 233
metabolism, 231–232
pancreatic effects, 233
physiological actions of, 232
pleiotropic effects of, 232
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producing L-cells, 227–228
role in generation of, 236
secretion, regulation of, 228–229

Glucagon-like immunoreactivity, 228
Glucagon-like peptide-1, 226
Glucagon secretion, 254
Glucocorticoides, 224
Glucooligosaccharides, chemistry and

manufacture of, 56
Glucose-dependent insulinotropic

polypeptide (GIP), 231
Glucose homeostasis, 222
Glucose ingestion, 254
Glucose metabolism, 424
Glycerol-3-phosphate (G3P), 164

sources of, 175–176
Glycolytic genes, control of expression of,

170
Goblet cells, 117, 121, 227
Gram-negative anaerobes, 122
Gram-positive bacteria, 18
Granulocyte-macrophage colony

stimulating factor (GM-CSF),
356

Growth-hormone secretagogue receptor,
224

GTC nutrition, 458
Guar gum, effectiveness of, 254
Gut

associated immune system, 145
bacterial communities in, 377
barrier dysfunction, 26
bifidobacterial microbiota, 396
cell turnover, 252
chemical barriers of, 120–121
colonization, prevention of, 3
colonization by commensal bacteria, 121
composition of, 116
endocrine cells, 226
flora composition, 202
microbiota, 381
microbiota modulation, 69
microflora modulatory tools, 471
modification by probiotics, 408–409
peptides involved in appetite, body

weight regulation, and glucose
homeostasis, 220

physical barriers of, 116–120
portal blood, 17

Gut associated lymphoid tissue (GALT),
19, 124–125, 143, 398

Gut microflora, 15, see also microflora

H
Haemophilus influenza, 395
Harvey Bradshaw index, assessment of

clinical disease activity, 388

Hemoglobin repletion efficacy, 101
Hereditary nonpolyposis colorectal cancer

(HNPCC), 316
High density lipoproteins (HDL), 164
Histological colorectal carcinogenesis,

286
Homozygous mutation, 271
Hoof laminitis, 430
Hormone-sensitive lipase (HSL), 177

phosphorylation of purified, 179
Horses

cecal fermentation in, 431
prebiotics effects on, 430

Host–probiotic
specific interactions

immunity enhancement, 26–27
with mucus layer, 27

Human and murine xenograft
implantation, 272

Human colon
cancer explants, 272
mucosa-associated communities of,

382
Human colorectal cancer pathobiology,

264
Human fecal flora, 43
Human gastrointestinal tract, mucosal

surface of, 14
Human gut ecosystem, 377
Human gut microbiology, 472
Human intestinal ecosystem, 376
Human metabolism, 473
Human metabonome, 473
Human milk

composition of, 395
oligosaccharides, 156

Human milk oligosaccharides (HMOs),
393

Human ulcerative colitis, 383
Human xenograft implantation, 267
Humoral immune effects, 149
Hyperactivated lymphocytes, 377
Hyperlipidaemia, risk for development of

atherosclerosis, 223
Hyperlipidemia, dietary treatment of,

429
Hyperlipidemic dogs, 429
Hyperphagia models, 254
Hypoglycemic drugs, 233
Hypothalamus, 220
Hypothalamus nuclei, 224

I
Ileal bile acid binding protein (I-BABP),

185
Ileal protein digestibility, 425
Immune cell leukocytes, 231
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Immune system
adaptive cells of, 129–131
defence against pathogens, 115
effect of food and nutrition on, 143
innate

cells of, 125–126
pattern-recognition receptors for,

126–128
mechanisms for effects of prebiotics on,

153–156
modulation, 3, 312–313
mucosal immunity, 123–124
mucosal surfaces, 116
overview of, 144–146

Immunoglobulin A (IgA), 131
Immunoglobulin-producing cells, 379
Immunological disturbance, 26
Immunosuppressive cytokines, 134
Increase in life span (ILS), 331
Inducible nitric oxide synthase (iNOS), 288
Inflammatory bowel disease (IBD), 26, 28,

133, 150, 342, 344, 351
barrier function in, 382
dietary effects on, 353
gut microbiota in, 380–381
immunological factors, 354
microbiota of patients with, 381
mucosal inflammation in, 377
prebiotics in experimental models of,

382–386
therapy for human chronic IBD, 386

Inflammatory bowel diseases, 273
Inflammatory bowel disorders, 26
Inflammatory lesions, pathogenesis of, 385
Innate immune system, 354
Insulin, regulation of pancreatic secretion

of, 248
Interferon-gamma secretion, 415
Intestinal bacteria, selective stimulation of

growth of, 43–44
Intestinal barrier function, 316
Intestinal cell wall, 6
Intestinal colonization resistance, 426
Intestinal ecosystem, microbial

composition of, 377
Intestinal epithelium, 236
Intestinal homeostasis, 347
Intestinal inflammation, noninvasive

markers of, 387
Intestinal malabsorption, 229
Intestinal microflora, implantation of, 4
Intestinal mucosa, 14
Intestinal mucosa epithelium, 165
Intestinal proglucagon expression, 251
Intestinal tumorigenesis, 271
Intracellular pathogens, 130
Intracerebroventricular (ICV), 223

Intraepithelial lymphocytes, 130
Intraepithelial lymphocytes (IEL), 145
Intragastric glucose infusion, 236
Inulin and oligofructose

bifidogenic effects of, 396
natural occurrence and production of,

438–439
technological properties of, 440

Inulin-type fructans, 450
calcium absorption effects in

adolescents, 107
human males, 106
postmenopausal women, 106–107

chemistry, nomenclature, and
manufacture of, 47–48

criteria for classification as prebiotic, 48
effects on

cancer metastasis, 332–333
therapeutic efficacy of cancer therapy,

333–334
tumor growth, 331–332

legal status of, 456
mineral absorption with, 106
safety assessment of, 458

Irritable bowel syndrome (IBS), 29,
412–413

Isomaltooligosaccharides (IMO), 84–85
chemistry and manufacture of, 53–54

ITF. see inulin-type fructans

K
Keratinocytes lipid binding protein

(KLPB), 174

L
Lactic acid bacteria, intracecal infusion of,

385
Lactic acid bacteria (LAB), 19, 274
Lactobacillus, 397
Lactobacillus acidophilus (LAC), 21, 77
Lactobacillus johnsonii, 351
Lactobacillus plantarum, 273
Lactobacillus rhamnosus, 307
Lactococcus lactis, 19
Lactosucrose, chemistry and manufacture

of, 54
Lactulose, 80–81

chemistry and manufacture of, 52–53
galactose–fructose isomerization

product, 423
treatment of constipation in humans,

423
Lateral hypothalamic area (LHA), 221
Lateral hypothalamic nucleus, 220
Laying hens, 426–427
L-cell

abundance of, 227
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activation of proglucagon gene
expression in, 253

GLP-1 positive, 252
maturation of, 259
putative modulation of, 252
of small intestine are, 227

LDLr related protein (LRP), 167
Leucine-rich repeats (LRR), 128
Lipid metabolism, 422

effect of prebiotics on, 203
effect on pathologies, 205
link between gut microbiota and, 208
prebiotics as modulators, 205–206
role of short-chain fatty acids in

modulation of, 208–209
Lipopolysaccharides (LPS), 205
Lipoprotein-lipase (LPL), 167, 202
Lipoproteins, uptake of circulating,

171–172
Listeria monocytogenes, 206
Liver, TAG metabolism in, 167
Livestock and companion animals

beneficial intestinal bacteria, 422
composition of microbiota, 421

L-pyruvate kinase (L-PK), 167
Luminal plasma membrane, 117
Luminal secretions, 132
Lymphocytes

clonal expansion of, 124
regulation via adhesion and chemokine

interactions, 131
Lymphoid follicles, 379

M
Magnesium absorption, mechanisms for

prebiotic enhancement of, 101
Major unprocessed fragment (MPGF), 226
Mannose-binding lectin (MBL), 126
Mannose receptor (MR), 128
M cells, see microfold cells
Meat Inspection Act, 454
Median survival time (MST), 332
Megasphaera, 73
Melanin-concentrating hormone (MCH),

224
Melanocortin system

agonistic effects on, 224
constitution of, 224

a-Melatonin-stimulating hormone
(a-MSH), 221

Mesenteric lymph nodes (MLN)
bacterial translocation to, 384
schematic overview of, 145

Metabolic degradation, 387
Metabolic diseases, 220
Metabolic syndrome, 247
Methanobrevibacter smitthii, 202

Methylazoxymethanol (MAM), 269
Microbial enzymes, 16
Microbial fermentation, 248, 275
Microflora

composition modulation process
bifidobacteria, 22
lactic acid bacteria, 21
prebiotics, 22–23
probiotics, 20–21
synbiotics, 23–24

composition of, 15
factors affecting composition of, 20
roles of, 15

bacteriocins, 18–19
gut microbiota andinter actions with

immune system, 19
metabolic functions, 16–17
nutrient availability, 18
pathogen resistance, 17–18

Microfold cells, 119
Microorganism metabolism, 286
Microorganisms-colonic microflora, 330
Microsatellite instability (MSI), 288
Microsomal triglycerides transfert protein

(MTP), 167
Mineral absorption, prebiotic effect on, 93
Molecular markers, identification of, 287
Moraxella catarrhalis, 395
Mucin-depleted foci (MDF), 310
Mucosa-associated bacteria, 378
Mucosal bacteria, concentrations of, 381
Mucosal barrier dysfunctions, 134
Mucosal barrier function, age-related

effect on, 408
Mucosal bifidobacteria, 77
Mucosal colonization, by aerobic

enterobacteria, 382
Mucosal immune function, 116
Mucosal immune system, 19, 28, 376
Mucosal inflammation, 389
Mucosal protection, antibody unique to,

131–132
Mucosal recirculation, 146
Murine carcinogenesis, 267
Murine xenograft implantation, 267
Muscarinic receptors, 230
Mutagenic electrophils, transport of, 269
Mutation

autosomal dominant, 267
somatic, 267

N
Natural killer (NK) cells, 144, 414
Neoplastic diseases, 296
Neuroendrocrine function, 411
Neurohormonal mechanisms, 230
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Neuromediators, regulators of food
intake, 220

Neuropeptide Y (NPY), 221
Neutral endopeptidase, 231
Neutrophil infiltration, 383
Niemann-Pick C1-like protein, 166
Nigerooligosaccharides (NOS), 152
N-metabolism, effects of prebiotics on, 429
Nodose ganglion, 234
Nonacylated ghrelin, 225
Nonbloody diarrhea, 385
Nondigestible carbohydrates, 307
Nondigestible carbohydrates, in vivo

fermentation of, 43
Nondigestible carbohydrates (NDCH), 76
Nondigestible food ingredients, 422
Nondigestible oligosaccharides, 330, 443,

445
Nondigestible oligosaccharides (NDOs),

408
Nondigestible substrates, fermentation of,

379
Nonesterified fatty acids (NEFA), 165
Nonimmunoglobulin protective factors,

394
Non-inflammatory immune stimulators, 3
Nonpathogenic organisms, 17
Nonsteroidal anti-inflammatory drugs

(NSAID), 296, 353
NPY System

hypothalamic levels of, 223
hypothalamic mRNA concentration of,

225
ICV administration of, 223
orexigenic effect of, 223

Nuclear magnetic resonance (NMR), for
assessing metabolic profiles, 473

Nucleotide-binding oligomerization
domain (NOD), 128

O
Obesity

diet-induced, 231
nutritional management of, 247
pathophysiology of, 203
use of prebiotics as treatment against,

206
Obestatin, 224–225
Oesophagostomum dentatum, 426
OFS

antidiabetic actions of, 254
antihyperglycemic effect of, 256
beneficial effects of, 254
extrapolation of, 257
increases L-cells differentiation, 259
modulation, 253
protective effect of, 254

specific effects of, 257
treatment during high-fat feeding, 254

Older people
bowel dysfunction, 410
diseases associated with, 406
immune function, 414
microflora of large intestine in, 406–408

Oligofructose, 71, 424
anti-carcinogenic effect of, 331
supplemented diet, 384

Oligosaccharides
acidic, 396
effects of, 395–396
formula with, 396
nondigestible, 443
prebiotic effects, 399
in solid food in older children, 399–400

Orexigenic peptide, 226
Organization for Economic Cooperation

and Development (OECD), 456
Oro-anal transit time, 423
Oro-cloacal transit time

in chickens, 426
in turkeys, 426

Osmotically active laxatives, 409
Osmotic diarrhea, 409
Osmotic effect, 412
Oxyntomodulin, 248
Oxyntomodulin (OXM), 226

P
Paneth cells, 117, 121
Paraventricular nucleus secretion, 223
Pathogen associated molecular patterns

(PAMP), 126
Pathogenic microorganisms, 3, 396
Pathogens

adhesion of, 25
competitive exclusion of, 444
proliferation of, 4

Pathophysiology, 410
Pattern-recognition receptors, 126–128
Perilipins, 179
Peripheral gut hormones-brain axis, 220
Peripheral sensors, 221
Peyer’s patches, 124
Pigs

effects of
bifidobacteria, 425
prebiotics, 425

ileal protein digestibility, 425
incorporations of prebiotic

oligosaccharides into, 424
modulation of microbial populations in,

424
supplementation of diets, 424
zootechnical performance, 425
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Plant cellular matrices, 276
Plasma glucose concentrations, 231
Plasma insulin, 254
Platelet-derived growth factor (PDGF), 117
Pluripotent stem cells, 252
Pneumococcal vaccines, 415
Polyethylene glycol (PEG), 98
Polymerase chain reaction (PCR), 45, 351,

472
Polymer fructose monomer, 276
Polymerized immunoglobulin receptor

(pIgR), 131
Polyunsaturated fatty acids (PUFA), 167
Porcine nutrition, 425
Portal venous circulation, 231
Postnatal immune maturation and

development, 19
Postprandial triglyceride, 429
Posttranslational processing, 226
Pouchitis, 28
Pouchitis disease activity index (PDAI),

effect of dietary inulin
supplementation on, 387

Poultry, 426
Prebiotic lactulose, effects on animal

models, 385
Prebiotics

and active calcium absorption, 99
in animal feedstuffs, 422
in animal nutrition, 422
anti-inflammatory effects of, 385
applications in food products, 443–444
beneficial effects against colon cancer,

1297
clinical application of, 352
in companion animals

cats, 429–430
dogs, 428–429
horses, 430–431

criteria for classification of food
ingredient as, 41

definition of, 40, 69
effects

on blood lipids in humans, 209–213
on calcium absorption, 97
on fecal pH, 97
inside gut, 207
on large intestinal pH, 94–97
on lipid homeostasis, 207
on lipid metabolism, 203
on organoleptic characteristics, 437
of resistant starch (RS), 304

established prebiotics, 71
evaluation of, 77
in experimental models of IBD, 382–386
fat-reducing effect of, 207
fermentation of, 94

immunomodulatory effects of, 146
interesting application of, 425
in livestock

aquaculture, 428
broiler, 426
calves, 427
laying hens, 426–427
pigs, 424–426
poultry, 426
rabbits, 427–428
turkeys, 427

mechanisms for effects on immune
system, 153

mode of action of, 423–424
as modulators of lipid metabolism

disorders, 205–206
as potential treatment against obesity,

206–207
quantitative aspects of, 57
resistance to gastric acidity

in vitro methods, 42
in vivo models, 42

role in prevention of colon cancer,
274–275

stimulatory effects of, 408
studies on animal models, 149
technological characteristics of, 437
testing methodologies for, 42
as treatment against atherosclerosis,

205
trophic effect of, 97–98
use in animal production, 424
in vitro studies of effects of, 314–316

Precancerous lesions, 408
Preganglionic vagal nerves, 224
Preneoplastic lesions, 306
Primordial bacterial species, 422
Probiotics

comparison of mechanism of action,
8–9

concept of, 7
effects of, 8, 351
preventive approach, 27
systemic effects of, 27

Proglucagon, posttranslational processing
of, 228

Proglucagon-derived peptides (PGDP),
226

Proglucagon gene, 226
Proglucagon gene, encoding by, 226
Proglucagon mRNA concentration, 250
Proinflammatory cytokines, 414
Prokaryotic cells, 6
Pro-opiomelanocortin (POMC), 221
Prosurvival kinases, 234
Protein degradation, 17
Protein fermentation, 425
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Proteolytic fermentation, 16
Proximal colon labeling index, 312
Putative metabolic effects, 250
PYY hormones, 226

R
Rabbits, digestive disorders in, 427
Renal extraction, 236
Resistant starch (RS)

chemopreventive effects of, 304
classification of, 276
definition of, 275

Reverse cholesterol transport (RCT),
164

Rodent models
of carcinogenesis, 274
cross-species hybridization studies,

264
genetics, 265–267
role in identifying processes and

mechanisms mediating human
disease, 264

species considerations for, 265
strains of, 267
in vivo mouse model, 270

rRNA gene sequences, 15

S
Saccharolytic microbes, growth of, 273
Salmonella, 425
Salmonella typhimurium, 206, 356, 426, 461
Serum immunoglobulins, 379
Severe-combined immunodeficient (SCID)

mice, 357
Short-chain fatty acids (SCFA), 16, 55, 73,

153, 170, 205, 274, 304, 422
Short chain fructans-fed rats, 254
Short-chain fructooligosaccharides,

439
Short-chain fructo-oligosaccharides

(scFOS), 303
Short-chain inulin, 302
Short-chain oligofructose, 384
Somatic mutation, 271
Soybean oligosaccharides (SOS),

chemistry and manufacture of,
55–56

Specific colonic nutrient, definition of,
7–8

Sporadic colon tumorigenesis model, 270
Srebp cleavage activating protein (SCAP),

183
Stearoyl-CoA desaturase (SCD), 169
Stem cells, 118

differentiation of, 253
Streptococcus bovis/equinus, 430
STZ-diabetic rats, 254

Sugar oligomers, 278
Sugar-substitute sorbitol, 409
SV40 T antigen, 229
Swine, see pigs
Symbiosis

between eukaryotic and prokaryotic
cells, 4

microbiota, composition of, 3
Symbiotic microflora, 4, 330
Symbiotic microorganisms, 273
Synbiotics, 23–24

T
TAG

and cholesterol intake, 165–167
lipolysis and release of fatty acids,

176–177
metabolism in other tissues, 180–182
metabolism in white adipose tissue,

173
metabolism of, 163
synthesis, sources of fatty acids used

for, 168
synthesis, storage, and secretion of,

172–173
T-cells

categorization of, 130
programmed cell death of, 360
receptors, 124
regulatory functions of, 358

Temperature gradient gel electrophoresis
(TGGE), 46–47

Tentative prebiotics
isomaltooligosaccharides, 84–85
soybean oligosaccharides, 85–86
xylooligosaccharides, 85

Thermal ionization mass spectrometric
analysis, 109

Tissue myeloperoxidase activity, 385
Toll-like receptors (TLR), 128, 153
Toxicity, developmental and reproduction

of, 460–461
Toxicology, methods of, 450
Transgalactooligosaccharides (TOS)

chemistry and manufacture of, 51–52
produced by β-galactosidases, 423

Trans-galactosylated oligosaccharides, see
galacto-oligosaccharides (GOS)

Transgenic mice, 272
Transplantable liver tumor (TLT), 330
Trefoil proteins, 121
Triacylglycerols (TAG), 163
Trichuris suis, 426
Trinitro-benzene sulfonic acid (TNBS), 384
Tumor growth, effects of inulin-type

fructans on, 331–332
Tumor induction and multiplicity, 267–268
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Tumor suppressor genes, 264
Turkeys, 427

U
Ulcerative colitis

major symptoms of, 343
T cell responses in, 357

Ulcerative colitis, 380
Ulcerative colitis (UC), 23, 28

V
Vascular cell adhesion molecule 1

(VCAM1), 359
Ventromedial nucleus (VMH), 220

Very low density lipoproteins (VLDL),
164, 204

Villus-crypt structure, 116

W
White adipose tissue (WAT), 173

X
Xenobiotic metabolism, 406
Xylooligosaccharides (XOS), 85

chemistry and manufacture of, 54–55
composition of, 278

Z
Zymomonas mobilis, 204
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