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Preface

Acute phase proteins (APPs) are a large group of proteins synthesized by the liver cells and
released into the bloodstream in response to a variety of stressors as part of the acute phase
of the inflammatory reaction. Proteins with a transient increase in synthesis and plasma con‐
centration are called positive, whereas proteins whose synthesis decreases are referred to as
negative APPs. The synthesis of the APP is thought to be mainly regulated by inflammatory
cytokines, such as interleukin-6, interleukin-1 and tumor necrosis factor.

APPs functioning as protease inhibitors, enzymes, transport proteins, coagulation proteins,
and modulators of the host’s immune response, and play a role in the restoration of homeo‐
stasis after injury or infection. APPs act in a time, concentration and molecular conforma‐
tion-dependent manner on a variety of cells involved in early and late stages of
inflammation. APPs can directly contribute to the enhancement and/or the suppression of
inflammation at different points in its evolution. The administration of specific APPs has
been shown to switch the pro-inflammatory to the anti-inflammatory pathways necessary
for the resolution of inflammation in vitro and in vivo. Nevertheless, the biological function
of most APPs has not been totally elucidated. It is also not clear what functional advantages
may arise from the rapid changes in the blood profile of APPs as a group.

Thus, the magnitude and rapidity of the changes in the specific profile of APPs, together
with their short half-life, suggest a particularly important role for these proteins in the estab‐
lishment of host defense. The functional activities of specific APPs and their quantification
during the course of acute and chronic inflammation are discussed in this book.

Prof. Dr. Sabina Janciauskiene
Department of Respiratory Medicine,

Hannover Medical School,
Hannover, Germany





Chapter 1

Immunoregulatory Properties of Acute Phase Proteins —
Specific Focus on α1-Antitrypsin

S. Janciauskiene, S. Wrenger and T. Welte

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56393

1. Introduction

Activation of innate immune cells in response to various insults is a part of the host defence.
However, if uncontrolled, this inflammatory response induces persistent hyper-expression of
pro-inflammatory mediators and tissue damage. Tight control of pro-inflammatory pathways
is therefore critical for immune homeostasis and host survival.

A complex network of activating and regulatory pathways controls innate immune responses;
the hepatic acute-phase response is one of the crucial contributors to this regulation. For example,
in response to infection or tissue injury within few hours the pattern of protein synthesis by the
liver is drastically altered, i.e. increased expression of the so called positive acute phase pro‐
teins (APPs) like C-reactive protein (CRP), alpha1-antitrypsin (AAT) or alpha1-acid glycopro‐
tein (AGP) and decreased expression of transthyretin, retinol binding protein, cortisol binding
globulin, transferrin and albumin, which represent the group of negative APPs. This produc‐
tion of APPs in hepatocytes is controlled by a variety of cytokines released during inflamma‐
tion whereas leading regulators are IL-1- and IL-6-type cytokines having additive, inhibitory, or
synergistic effects. For instance, IL-1β is shown to almost completely abrogate IL-6-induced
production of α2-macroglobulin and α1-antichymotrypsin but, in contrast, to enhance produc‐
tion of CRP and serum amyloid A. No doubt, this specific regulation of AAPs expression plays
a critical role in the regulation of the host innate immune responses.

2. Alpha1-antitrypsin and the acute phase response

AAT, also referred to as alpha1-proteinase inhibitor or SERPINA1, is the most abundant serine
protease inhibitor in human blood. AAT consists of a single polypeptide chain of 394 amino



acid residues containing one free cysteine residue and three asparagines-linked carbohydrate
side-chains. AAT is mainly produced by liver cells but can also be synthesized by blood
monocytes, macrophages, pulmonary alveolar cells, and by intestinal and corneal epithelium
(Geboes et al., 1982; Perlmutter et al., 1985; Ray et al., 1982). In terms of tissue expression AAT
has been demonstrated in the kidney, stomach, small intestine, pancreas, spleen, thymus,
adrenal glands, ovaries and testes. De novo synthesis of AAT has also been demonstrated in
human cancer cell lines. These observations indicate that AAT transcription is relatively
widespread. In fact, tissue-specific promoter activity for AAT has been reported in the liver,
the major source of AAT, and alternative promotors for other tissues that express the protein
(Kalsheker et al., 2002; Tuder et al., 2010). Interestingly, AAT expression also shows some
degree of substrate and/or auto-regulation: upon exposure to neutrophil and pancreatic
elastases, either alone or as a complex of AAT, enhanced synthesis of AAT was observed
(Perlmutter et al., 1988).

The normal daily rate of synthesis of AAT is approximately 34 mg/kg body weight and the
protein is cleared with a half-life of 3 to 5 days. This results in high plasma concentrations
ranging from 0.9 to 2 mg/ml when measured by nephelometry. In addition to high circulating
levels in blood, AAT is also present in saliva, tears, milk, semen, urine and bile (Berman et al.,
1973; Chowanadisai & Lonnerdal, 2002; Huang, 2004; Janciauskiene et al., 1996; Poortmans &
Jeanloz, 1968). The distribution of the protein in the tissues is not uniform. For example, in the
epithelial lining fluid of the lower respiratory tract its concentration is approximately 10% of
plasma levels (Janciauskiene, 2001).

As an acute-phase reactant, circulating AAT levels increase rapidly (3 to 4 fold) in response to
inflammation or infection. The concentration of AAT in plasma also increases during oral
contraceptive therapy and pregnancy. During an inflammatory response, tissue concentra‐
tions of AAT may increase as much as 11-fold as a result of local synthesis by resident or
invading inflammatory cells (Boskovic & Twining, 1997). Blood monocytes and alveolar
macrophages can contribute to tissue AAT levels in response to inflammatory cytokines (IL-6,
IL-1 and TNFα) and endotoxins (Knoell et al., 1998; Perlmutter & Punsal, 1988). Recent data
demonstrate that AAT expression by alpha and delta cells of human islets (Bosco et al., 2005)
and intestinal epithelial cells (Faust et al., 2001) is also enhanced by pro-inflammatory
cytokines. AAT synthesis by corneal epithelium, on the other hand, appears to be under the
influence of retinol, IL-2, fibroblast growth factor-2, and insulin-like growth factor-I (Boskovic
& Twining, 1997; Boskovic & Twining, 1998). Oncostatin M, a member of the IL-6 family was
shown to induce AAT production by human bronchial epithelial cells. This effect of oncostatin
M was in turn modulated by TGF-β and IFN-γ at both the protein and mRNA level. IFN-γ
decreased oncostatin M-induced AAT production whilst TGF-β induced a significant and
synergistic up-regulation of AAT that was not observed in a hepatocyte cell line (Boutten et
al., 1998). Study by Shin and coworkers (Shin et al., 2011) have demonstrated that nasal lavage
fluids from the patients with allergic rhinitis contains AAT and that the levels of nasal AAT
markedly increase in response to allergenic stimulation. This response seems to be closely
associated with the activation of eosinophils induced by allergen-specific IgA. In allergen-
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induced nasal inflammation, AAT might be a byproduct of the activated inflammatory cells,
and is thus implicated in the allergic immune response (Shin et al., 2011).

According to recent studies, activated neutrophils and eosinophils can store and secrete AAT,
which plays a role in protection of tissues at local inflammation sites (Johansson et al., 2001;
Paakko et al., 1996). Furthermore, Clemmensen and coworkers found that the mRNA for AAT
increases during maturity of the myeloid cell precursors and is even higher in blood neutro‐
phils. This in itself is quite remarkable as blood neutrophils are generally considered tran‐
scriptionally inactive, but it is even more striking that the transcriptional activity of the AAT
gene increases further when neutrophils migrate into tissues (Clemmensen et al., 2011).
Moreover, circulating AAT produced by liver cells can enter granulocytes and is stored in the
secretory vesicles (Borregaard et al., 1992).

3. Protective anti-inflammatory, immunomodulatory and antimicrobial
effects of alpha1-antitrypsin

Findings from different experimental models provide clear evidence that AAT expresses broad
anti-inflammatory and immunoregulatory activities (Figure 1). AAT has been reported to
inhibit neutrophil superoxide production, adhesion, and chemotaxis, to enhance insulin-
induced mitogenesis in cell lines and to induce IL-1 receptor antagonist, a negative regulator
to IL-1 signalling, in blood monocytes and neutrophils (Tuder et al., 2010). Findings that AAT
enhances the synthesis of transferrin receptor and ferritin revealed a role of AAT in iron
metabolism (Graziadei et al., 1997). In murine models, exogenous human AAT protects islet
cell allografts from rejection and increase survival in an allogeneic marrow transplantation
models. In other models AAT therapy protects against TNF-α / endotoxin induced lethality,
cigarette smoke induced emphysema and inflammation and even suppressed bacterial
proliferation during infections ((Lewis, 2012), review). Furthermore, human AAT given to
mice during renal ischemia–reperfusion (I/R) injury lessens tissue injury and attenuated organ
dysfunction (Daemen et al., 2000).

These beneficial impacts of AAT are incompletely understood, although exscinding knowl‐
edge suggests that AAT promotes a switch from pro-inflammatory to anti-inflammatory
pathways necessary for the resolution of inflammation.

AAT has long been thought of as a main inhibitor of neutrophil elastase, proteinase 3, and
other serine proteases released from activated human neutrophils during an inflammatory
response. In fact, the rate of formation of the AAT/neutrophil elastase inhibitory complex is
one of the fastest known for serpins (6.5x 107 M-1 s-1) (Gettins, 2002). The structure of AAT
consists of three β-sheets (A, B, C) and 9 α-helices (A-I). The inhibitory active conformation of
AAT like for other serine protease inhibitors represents a metastable state, characterized by an
exposed reactive center loop that acts as bait for the target enzyme (Stocks et al., 2012). Cleavage
of the scissile bond in the loop results in a large conformational change in which the reactive
site loop migrates and is inserted into the pre-existing β-sheet A forming a very stable complex
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between the inhibitor and the protease. This reaction results in a rapid and irreversible
inactivation of both AAT and its target protease.

As an inhibitor, AAT also shows true substrate-like behaviour and cleavage without complex
formation. Novel studies show that AAT, without forming complexes, inhibits the activity of
gelatinase B (MMP9) and caspases-1 and -3 that play an essential role in cell apoptosis. AAT
also inactivates the catalytic domain of matriptase, a cell surface serine protease involved in
the activation of epithelial sodium channels. In addition, recent evidence has emerged on the
ability of AAT to inhibit the matrix metalloprotease, ADAM-17 (Bergin et al., 2010) and
aspartic-cysteine protease, calpain I (Al-Omari et al., 2011). Calpain I activity has been
implicated in neutrophil apoptosis (Chen et al., 2006), chemotaxis (Lokuta et al., 2003) and
adhesion (Wiemer et al., 2010). In fact, AAT inhibits neutrophil adhesion, chemotaxis (Al-
Omari et al., 2011; Bergin et al., 2010) and apoptosis (Zhang et al., 2007). The mechanism behind
these latter effects of AAT might be directly linked to its ability to inhibit calpain I activity.

So far, it is assumed that anti-inflammatory and immunomodulatory functions of AAT are
dependent on its metastable native conformation (with inhibitory activity); however, this has
not been proven. Earlier studies by Churg and collaborators have demonstrated that oxidized
AAT (without elastase inhibitory activity) is effective in preventing neutrophil influx and lung
tissue damage in a silica-induced inflammation model in mice (Churg et al., 2001). We also

Figure 1. Selected anti-inflammatory and immunoregulatory activities of AAT.
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reported that oxidized AAT (again without elastase inhibitory activity) reduces endotoxin-
induced TNF-α, IL-8, MCP-1, and IL-1 release in human monocytes in vitro (Janciauskiene et
al., 2004). We also found that the pattern of gene expression regulated in human primary lung
endothelial cells by native and oxidized AAT was similar with neither inducing pro-inflam‐
matory gene expression (Subramaniyam et al., 2008).

Moreover, a specific short carboxyl terminal peptide of AAT which doesn´t inhibit elastase is
a more potent inhibitor of LPS-induced TNF-α and IL-8 production than native AAT
(Amelinckx et al., 2011; Subramaniyam et al., 2006)

Recently, we examined the effects of plasma purified AAT in LPS-induced acute lung injury
in wild-type (WT) and neutrophil elastase-deficient mice as well as in neutrophils isolated
from the bone marrow of WT and elastase-deficient mice. Analyses of lung lavage fluids and
tissues revealed that, regardless from the mouse strain, AAT induced a 50% decrease in LPS-
induced neutrophil counts as well as a reduction in the lavage fluid levels of IL-8 and TNF-α.
Furthermore, AAT inhibited the ability of LPS to increase TNF-α, DNA damage-inducible
transcript 3 and X-box binding protein 1 gene expression in the lung parenchyma (Jonigk et
al., PNAS, in press).

These findings provide clear evidence that inhibition of elastase is not the sole mechanism
behind the anti-inflammatory and immunoregulatory activities of AAT. The responsible
molecular mechanisms remain to be elucidated.

4. Interaction with other macromolecules and cell surface ‘receptors’ and
signalling mechanisms

AAT shows the property to interact with other proteins. For example, in sera from patients
with myeloma and Bence-Jones proteinemia complexes between AAT and the kappa light
chain of immunoglobulins were detected (Laurell & Thulin, 1975). In plasma from diabetic
subjects, complexes between AAT and factor Xia, AAT and heat shock protein-70 as well as
AAT and glucose were detected (Murakami et al., 1993; Finotti & Pagetta, 2004; Hall et al.,
1986). Moreover, complexes between AAT and immunoglobulin A have been detected in the
sera and synovial fluid of patients with rheumatoid arthritis, systemic lupus erythematosus
and ankylosing spondylitis (Adam & Bieth, 1996). Localization of AAT-low-density-lipopro‐
tein (LDL) complexes in atherosclerotic lesions and enhanced degradation of AAT-LDL by
macrophages suggested the involvement of the complex in atherogenesis (Mashiba et al., 2001).

Earlier studies have shown that cellular internalization and degradation of AAT-elastase-, or
AAT-trypsin-complexes, but not of the native form of AAT, is mediated by serpin-enzyme
complex (SEC) receptor (Perlmutter et al., 1990), low-density lipoprotein receptor related
protein (Poller et al., 1995) and very-low-density lipoprotein receptor which require intact raft
lipid environment (Wu & Gonias, 2005; Yoon et al., 2007).

Recent studies provide new evidence that clathrin-mediated endocytosis (Sohrab et al., 2009)
and the caveolar pathway (Aldonyte et al., 2008) and Fc receptor(s) (Bergin et al., 2010) might
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be responsible for the interaction and entry of native AAT into the cell. Experimental studies
have shown that various APPs, like C-reactive protein (CRP), interact with lipid rafts (Ji et al.,
2009) and therefore, gave support for the hypothesis that APPs-lipid raft interaction may be a
putative mechanism responsible for the diverse activities of APPs during inflammation.

Lipid rafts are dynamic assemblies of proteins and lipids that play a central role in various
cellular processes, including membrane sorting and trafficking, cell polarization, and signal
transduction (Baird et al., 1999; Janes et al., 2000; Zhu et al., 2006). Biochemical and cell-
biological studies have identified cholesterol as a key factor determining raft and related
structure (e.g., caveolae) stability and organization in mammalian cell membranes, and have
shown that the equilibrium between free and raft cholesterol plays a critical role in lipid raft
function and cell signalling (Golub et al., 2004; Gombos et al., 2006). Many proteins involved
in signal transduction, such as Src family kinases, G proteins, growth factor receptors, mitogen-
activated protein kinase and protein kinase C are predominantly found in lipid rafts, which
act as signaling platforms by bringing together (i.e., colocalizing) various signaling compo‐
nents (Simons & Toomre, 2000).

Our studies on the putative role of lipid rafts and lipid raft cholesterol for AAT entry into
monocytes revealed that exogenously added AAT becomes translocated into lipid rafts in the
same fraction as the lipid raft marker flotillin (Slaughter et al., 2003; Subramaniyam et al.,
2010). It is well documented that plasma membranes of mammalian cells contain a 30–50%
molar fraction of cholesterol (Warnock et al., 1993), which is the dynamic glue for the lipid raft
assembly (Simons & Toomre, 2000). Taken with the finding that exogenous AAT localizes in
the lipid raft prompted us to examine whether altering the integrity of the lipid raft cholesterol
would affect AAT-monocyte association. In fact, AAT association with monocytes was
remarkably inhibited by various cholesterol depleting/efflux-stimulating agents such as
nystatin, filipin, methyl-betacyclodextrin, oxidized low-density lipoprotein and high density
lipoproteins, and conversely, enhanced by free cholesterol. We had previously identified that
AAT can directly interact with free cholesterol in vitro (Janciauskiene & Eriksson, 1993). In
support, we confirmed that AAT /monocyte association per se depletes lipid raft cholesterol as
characterized by the activation of extracellular signal-regulated kinase 2, increased HMG-CoA
reductase expression, formation of cytosolic lipid droplets, and a complete inhibition of
oxidized low-density lipoprotein and oxidized phopspholipid uptake by monocytes (Subra‐
maniyam et al., 2010).

Lipid rafts act as platforms, bringing together molecules essential for the activation of immune
cells, but also separating such molecules when the conditions for activation are not appropriate
(Ehrenstein et al., 2005). We hypothesize that AAT/ lipid raft interaction and cholesterol
depletion contributes to re-organize membrane domains and facilitate the formation of
compartment-specific signalling platforms. As a consequence, several events can occur
intracellularly like transient release of calcium and Na+/K+-ATPase-EGFR-Src-caveolin-1
complex formation leading to an increased tyrosine phosphorylation of caveolin-1 and the
activation of the Rac1-Cdc42-ERK cascade, and transient activation of hemoxygenase-1. It has
been previously reported that exogenous AAT is rapidly internalized into the cells and is
localized in the plasma membranes and in the cytoplasm (Sohrab et al., 2009). Whether
internalized AAT is further trafficking to the interstitium or remains within the cells is
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unknown. As a matter of fact, AAT is shown to interact with the transferrin receptor (Graziadei
et al., 1994) which is constantly internalized via endocytic vesicles that fuse with early
endosomes and returns to the plasma membrane through recycling endosomes (Harding et
al., 1983). Thus it cannot be excluded that excess of internalized AAT trafficking occurs via
transferrin receptor pathway.

Nevertheless, incorporation of AAT into membranes and transient depletion of cholesterol can
affect recruitment of TLRs into lipid rafts subsequently desensitizing signalling by bacterial
endotoxins and resulting in consequent reduction of the pro-inflammatory response. In
support, human innate immune cells stimulated with bacterial lipopolysaccharide (LPS) in the
presence of AAT show suppressed TNFα, IL-8, IL-12 and IL-1β, but enhanced IL-10 production
(Figure 2) (Janciauskiene et al., 2004; Nita et al., 2005).

TLR

IL 1, IL 6, IL 8, IL 12, TNF
IL 10, IL 1Ra

LPS LBP

IRAK1
TRAF6
ERK1/2
Akt
IKK

NF B

CD14

MyD88

AAT TLR
CD14

LPS
LBP

MyD88

lipid
droplets

Lipid raft

IRAK1
TRAF6
ERK1/2
Akt
IKK

NF B

IL 1, IL 6, IL 8, IL 12, TNF
IL 10, IL 1Ra

A B

Cholesterol

Figure 2. Hypothesis of the immune modulator effect of AAT. A: LPS signalling and cell activation; B: effects of AAT on
LPS signalling and cell activation.

In general, this hypothesis provides the basis for future studies linking bioactivities of acute
phase proteins to signalling pathways associated with lipid rafts. Lipid rafts are therapeutic
targets for various diseases and studies on physiological significance of interaction between
acute phase proteins and lipid rafts of great importance.

5. Diseases associated with AAT deficiency

The clinical relevance of AAT is highlighted in individuals with inherited deficiency in
circulating AAT who have an increased susceptibility to early onset pulmonary emphysema,
and liver as well as pancreatic diseases. The most interesting AAT variants associated with
deficiency are the S and Z genes commonly found in Europeans. Both S and Z AAT result from
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single amino acid substitutions. In the S variant there is a substitution of a valine residue for
glutamate at position 264 (Val264Glu) (Curiel et al., 1989). The Z mutation (Glu342Lys) results
from the substitution of a positively charged lysine for a negatively charged glutamine at the
base of the reactive centre. Severe ZZ deficiency of AAT is characterized by a decrease in serum
AAT levels below a protective threshold of 11 mmol/L (Fregonese et al., 2008; Hubbard &
Crystal, 1988) and is associated with increased but variable risk for the development of lung
emphysema (Janciauskiene et al., 2010).

From retrospective studies we also know that up to 25% of those with severe AAT deficiency
will suffer from liver cirrhosis and for liver cancer in late adulthood (Propst et al., 1994). Also
heterozygous AAT deficiency is a cofactor in the development of chronic liver diseases (Kok
et al., 2007). Adults with AAT deficiency–associated genotypes develop liver disease less
frequently than pulmonary manifestations. However, AAT is a relevant cause for liver
cirrhosis, after viral hepatitis, alcohol abuse, and chronic cholangitis. Other factors that can
also predispose AAT-deficient individuals to liver disease are male sex and obesity (Bowlus
et al., 2005).The underlying cause may be the intrahepatic accumulation of polymerized AAT
molecules. The polymers of Z-mutant AAT can be identified in endoplasmic reticulum by the
electron microscopy as diastase resistant inclusion bodies reacting positively with PAS-
staining (Periodic acid-Schiff). Intracellular inclusion bodies in the liver have also been
observed with other polymer-forming phenotypes of AAT deficiency (Mmalton (52Phe del), and
Siiyama (Ser53Phe) (Tuder et al., 2010).

11--Antitrypsin DeficiencyAntitrypsin Deficiency

Z m utat ion GluZ m utat ion Glu 3 4 23 4 2LysLys3 4 23 4 2

Intracellular accumulationIntracellular accumulation
neonatal hepatitisneonatal hepatitis, , liver cirrhosisliver cirrhosis

Plasma Plasma deficiencydeficiency
early onset emphysema early onset emphysema 

Polymerization of Polymerization of 11--antitrypsinantitrypsin

Figure 3. Schematic diagram depicting the role of polymers of α1-Antitrypsin (AAT) in the development of liver and
lung diseases. A) AAT polymers stained with rabbit polyclonal antibody against human AAT, B) AAT polymers stained
with mouse monoclonal ATZ11 antibody against human Z polymers.
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Inherited AAT deficiency is occasionally associated with antiproteinase-3-associated vasculitis
(Wegener’s granulomatosis), necrotizing panniculitis and aneurysms of the abdominal aorta
and brain arteries. AATD has also been associated with a number of other inflammatory
diseases, although the association is only moderate or weak. These include bronchial asthma,
bronchiectasis, rheumatoid arthritis, psoriasis, chronic urticaria, glomerulonephritis, pancrea‐
titis and pancreatic tumors, multiple sclerosis, fibromyalgia and other conditions reported
occasionally (Janciauskiene et al., 2011)

Remarkably, associations have been found between reduced plasma AAT levels and HIV-1
infection, hepatitis, diabetes mellitus, systemic vasculitis and necrotizing panniculitis (Lewis,
2012; Tuder et al., 2010).

5.1. AAT augmentation therapy

Given the concept of the protease/antiprotease imbalance role in causing emphysema,
augmentation of circulating AAT was introduced 30 years ago to treat emphysema patients
with severe ZZ deficiency of AAT. Augmentation therapy with human AAT has been
performed for over a decade in the United States and in a number of European countries.
Worldwide, more than 4,000 patients are currently receiving regular AAT substitution. Most
patients receive weekly intravenous application of 3–5 g AAT (60 mg/kg body weight), which
is derived from pooled human plasma. Patients with emphysema may be considered for
augmentation if their serum concentration is below 0.8 g/L (≤ 11 µmol/L), if their post-
bronchodilator FEV1 is between 35% and 60% of predicted, or if their annual decline of FEV1

is more than 100 mL (for review see (Mohanka et al., 2012))

Substitution therapy has been studied in a few clinical trials, and the evidence for its efficacy
is limited. A last double-blind, placebo-controlled trial EXACTLE (the EXAcerbations and
computed tomography (CT) scan as Lung Endpoints), was designed to explore the use of CT
densitometry as an outcome measure for the assessment of the effect of AAT augmentation
therapy on the progression of emphysema in individuals with inherited AAT deficiency
(Stockley et al., 2010). This study showed that the rate of lung density decline was reduced by
the intravenous augmentation therapy, and although the exacerbation frequency was unal‐
tered by this treatment, a reduction in severity of exacerbations was observed.

To date fewer than 50 cases of panniculitis associated with various phenotypes of AAT
deficiency have been reported (Piliang & Stoller, 2008). The clinical features that distinguish
the AAT deficiency-associated panniculitis include higher frequency of ulceration, a vigorous
neutrophilic response and histological evidence of both necrosis and elastin breakdown (Smith
et al., 1989). In support of AAT deficiency as a contributor to the inflammatory pathogenesis
of panniculitis, a few case reports provide evidence that the infusion of purified pooled human
AAT induces a rapid clinical resolution of panniculitis (Gross et al., 2009; O'Riordan et al.,
1997; Furey et al., 1996).

The putative association between AAT deficiency and vasculitis (Wegener’s granulomatosis)
is based on the fact that AAT deficiency variants occur more frequently among individuals
with multisystem vascultitis (anti-neutrophilic cytoplasmic antibodies (C-ANCA) or anti-
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protease-3 (PR-3) and glomerulonephritis (Esnault et al., 1993; O'Donoghue et al., 1993;
Montanelli et al., 2002). Moreover, since AAT plays an important role in inhibiting PR3, it has
been suggested that AAT deficiency could trigger an autoimmune response due to increased
extracellular exposure to PR3 (Esnault et al., 1997). Alternatively, although unproven, it is
conceivable that circulating Z AAT polymers could prompt a vascular response.

5.2. New perspectives for use of the AAT augmentation therapy

Administration of exogenous human plasma-derived AAT is used in various animal models
to test the value of AAT augmentation. Several studies report that administration of AAT
results in a change from the pro-inflammatory to the anti-inflammatory pathways that is
necessary for the resolution of inflammation. Cystic Fibrosis (CF) is a condition caused by a
known gene defect which predisposes individuals to chronic lung inflammation and infection.
To date work has demonstrated that CF neutrophils secrete abnormally high levels of the pro-
inflammatory cytokines, such as IL-8 and TNFα, and proteolytic enzymes specifically elastase
which not only causes lung parenchymal damage, but can also perpetuate a vicious cycle of
inflammation by inducing expression of the neutrophil chemoattractant, IL-8, from bronchial
epithelial cells. Therefore, the interest in the application of treatment with inhaled AAT in CF
lung disease is discussed (Siekmeier, 2010)

Based on preclinical and clinical studies, it is suggested that AAT therapy can be successfully
used for non-deficient individuals with Type-1 and Type-2 diabetes, acute myocardial
infarction, rheumatoid arthritis, inflammatory bowel disease, cystic fibrosis, transplant
rejection, graft-versus-host-disease and multiple sclerosis. AAT also appears to be antibacterial
and an inhibitor of viral infections, such as influenza and HIV, and is currently evaluated in
clinical trials for Type-1 diabetes, cystic fibrosis and graft-versus-host-disease (Blanco et al.,
2011; Lewis, 2012). New experimental approaches show that AAT therapy might be an option
for arthritis treatment in a combination with doxycycline (Grimstein et al., 2010)

Thus, AAT can be used as potential treatment for a broad spectrum of inflammatory and
immune-mediated diseases. Future treatment developments include gene therapy (via
injections of viral or non-viral vector systems carrying the SERPINA1-cDNA), strategies to
inhibit intra-hepatic AAT polymerization by small chemicals and chaperons, and inhibition
of neutrophil elastase by using small molecules. Inhaled application of AAT is currently under
development by several companies.

6. Immunoregulatory properties of other APPs

The change in the concentrations of APPs is universally used to monitor the course of the
disease, independently of its nature (Parra et al., 2006). However, specific APPs can also modify
inflammatory responses. The spectrum of action of various APPs extends to regulation of
leukocyte migration, adhesion and production of inflammatory mediators, control of ion
channels and mucus secretion, and modulation of other host defence mechanisms (table 1).
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Acute-phase protein Main biological function

Proteins whose plasma concentration increase

C-reactive protein (CRP) Binding of phosphocholine (opsonin); immunoregulation

Alpha1-Acid Glycoprotein (AGP) Carry lipophilic compounds; immunoregulation

Serum amyloid A (SAA) Recruitment of immune cells; activation enzymes that

degrade extracellular matrix

Fibronectin Wound healing

Ferritin Iron binding

Angiotensinogen Renin substrate

Complement factors: C3, C4, C9, factor B, C1 inhibitor, C4b-

binding protein, mannose-binding lectin

Enhancing phagocytosis of antigens, attracting

macrophages and neutrophils, lysis membranes of foreign

cells, clumping of antigen-bearing agents, altering the

molecular structure of viruses

Coagulation and fibrinolysis factors: fibrinogen,

plasminogen, tissue plasminogen activator, urokinase,

protein S, vitronectin, plasminogen-activator inhibitor 1

Coagulation, degradation of blood clots, trapping

invading microbes, chemotaxis

Ceruloplasmin Contains copper, has histaminase-and ferroxidase-activity;

scavenges Fe2+ and free radicals

Haptoglobin (Hp) Binds haemoglobin; binds to CD11b/CD18 integrines

Alpha1-acid glycoprotein (AGP) Influences T-cell function; binds steroids

Interleukin1-receptor antagonist modulates a variety of interleukin 1 related immune and

inflammatory responses

Alpha1-Antitrypsin (AAT) Inhibits proteolytic enzymes, immune-modulatory activity

Alpha1-Antichymotrypsin (ACT) Inhibits proteolytic enzymes

Alpha2-macroglobulin Inhibits proteolytic enzymes

Proteins whose concentration decrease

Albumin Regulates the osmotic pressure of blood

Transferrin Carrier protein, immunoregulation

Transthyretin Binds to aromatic compounds, carrier of retinol

Alpha-fetoprotein Binds various cations, fatty acids and bilirubin

Alpha2-HS glycoprotein Carrier protein, forms soluble complexes with calcium and

phosphate

Thyroxine-binding globulin Binds thyroid hormone

Table 1. Diverse functional activities of APPs.

7. Haptoglobin

Haptoglobin (Hp) is constitutively present in the plasma (normal plasma levels 0.3 to 3.0 mg/
ml) and functions mainly as a scavenger protein for hemoglobin (Hb) that is released from
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erythrocytes. Hp-Hb complexes are rapidly cleared from the circulation predominantly in the
liver (Kupfer cells) expressing the Hp-Hb receptor CD163 (Graversen et al., 2002). Hp not only
prevents loss of Hb/iron by renal excretion and protects from iron-driven oxidative tissue
damage, but also acts as a bacteriostatic protein. Hence, Hp restricts access of bacteria to iron
that is essential for bacterial growth.

Plasma levels of Hp rise rapidly up to 2 to 5 folds during inflammation, specifically under
conditions when there is an extensive amount of necrotic tissue in the wound. Like for other
APPs, Hp synthesis is induced by various cytokines but also by ciliary neurotrophic factor.
While IL-6 is the most efficient Hp inducer, IFN-γ blocks IL-6-induced Hp synthesis and TNF-
β attenuates glucocorticoid-dependent expression of Hp (Baumann et al., 1990; Marinkovic &
Baumann, 1990; Raynes et al., 1991; Yoshioka et al., 2002; Yu et al., 1999).

Although the liver is the major site of Hp expression, inducible expression of Hp is also found
in lung, skin, spleen and kidney. This suggests that tissue levels of Hp are most likely regulated
differently and vary from those in the blood (Abdullah et al., 2009). Therefore, locally expressed
Hp, for example in the lungs, might be an important component of a local protection system
with antioxidant, bacteriostatic and anti-inflammatory effects (Abdullah et al., 2012).

Hp influences almost every immune cell type of the innate as well as the adaptive immune
response. As an example, binding of Hp-Hb to CD163 receptor on the monocytes and tissue
macrophages (Kristiansen et al., 2001), induces anti-inflammatory and protective genes such
as heme oxygenase-1 (HO-1) (Schaer et al., 2006). HO-1 is involved in heme catabolism that
ends up with carbon monoxide, bilirubin and ferritin - all are known to exert potent anti-
inflammatory and cytoprotective effects (Otterbein et al., 2003).

It has also been demonstrated that Hp inhibits respiratory burst in fMLP, arachindonic acid
or opsonised zymosan-stimulated neutrophils (Oh et al., 1990). Moreover, Hp exerts inhibitory
effects on fMLP-driven chemotaxis, and shows intracellular bactericidal activity against E.
coli. (Rossbacher et al., 1999). Evidence exists for an intracellular uptake of Hp by peripheral
blood neutrophils and monocytes via endocytosis and for the subsequent exocytosis of Hp
following exposure to Candida albicans or TNF- α (Berkova et al., 1999; Wagner et al., 1996). Hp
reduces LPS-induced pro-inflammatory effects by the selective suppression of TNF-α, IL-10
and IL-12 production in vivo and in vivo. The importance of anti-inflammatory and immune
modulatory effects of Hp is confirmed by enhanced sensitivity of Hp knockout mice to LPS
shock compared to wild type mice (Arredouani et al., 2005).

In addition to its effects on innate immunity, Hp also dampens adaptive immune response. It
is a powerful inhibitor of the proliferative response of lymphocytes to phytohemagglutinin
and concanavalin A, and depending on the concentration used Hp significantly inhibits or
enhances mitogenesis in B-cells in response to LPS (Baseler & Burrell, 1983). Using highly
purified human T lymphocytes Arredouani et al. presented evidence for a specific binding of
Hp to resting and anti-CD3 stimulated CD4+ and CD8+ T cells and for a direct anti-proliferative
effect of Hp on T lymphocytes (Arredouani et al., 2003).

Further evidence for the high importance of Hp as anti-oxidative and immunoregulatory
compound arises from the existence of different Hp subtypes and their influence on different
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pathologies. Hp gene has been studied as a candidate gene for rheumatoid arthritis, systemic
lupus erythematosus, primary sclerosing cholangitis, inflammatory bowel disease and
diabetes mellitus type 2 (Marquez et al., 2012).

In human two allels code for Hp1 and Hp2 proteins resulting in Hp1-1, Hp2-2 homozygous
and Hp2-1 heterozygous genotypes. Clinical studies show that Hp2-2 individuals suffering
from diabetes mellitus have a higher risk of vascular complications, especially diabetic
nephropathy, compared to Hp2-1 and Hp1-1 individuals (Asleh & Levy, 2005). Epidemiolog‐
ical data also show that Hp2-2 genotype is a major determinant of susceptibility to diabetic
cardiovascular disease (Levy et al., 2010).

Functional differences between Hp1-1 and Hp2-2 on molecular level can be in part explained
by the finding that the Hp1-1-Hb complex is endocytosed more rapidly by the CD163 pathway
than Hp2-2-Hb. This results in a more effective clearance of Hb and less oxidative stress in
Hp1-1 individuals (Asleh et al., 2003). Moreover, Hp2-2 individuals show greater immuno‐
logical reactivity including higher antibody titers after vaccination compared to Hp1-1 and
Hp2-1 individuals (Nevo & Sutton, 1968). When compare to Hp2-2-Hb, Hp1-1-Hb is related
to a much greater production of anti-inflammatory cytokines, therefore, Hp1-1Hp results in a
more Th2 directed balance between Th1 (inflammatory) and Th2 (anti-inflammatory) T helper
cells. Recent findings provide evidence that Hp1-1 individuals are better protected against
oxidative stress and Hp1-1 seems to have higher immunomodulatory effects than Hp 2-2
(Guetta et al., 2007).

8. Alpha-1-acid glycoprotein

Alpha-1-acid glycoprotein (AGP) also known as orosomucoid (ORM) is a heavily glycosylated
(45 %) protein (Schmid et al., 1977) APG belongs to the immunocalin family, a lipocalin
subfamily. Whereas the lipocalins function as carriers for small hydrophobic compounds, the
immunocalins were shown to modulate inflammatory and immune responses (Logdberg &
Wester, 2000; Hochepied et al., 2003). Though, the main biologic function of AGP remains
unclear. Indeed, APG was found to be a major carrier for neutral and basic drugs in the blood
(Kremer et al., 1988). Evidence also exists supporting a role for AGP in the maintenance of
normal capillary permeability and selectivity by binding to the capillary vessel wall putatively
as part of the glycocalyx, a dynamic endothelial surface layer of glycosaminoglycans, proteo‐
glycans and absorbed plasma proteins (Curry et al., 1989; Fournier et al., 2000; Pries et al.,
2000). Moreover, AGP stabilizes the biological activity of plasminogen activator inhibitor-1
(Smolarczyk et al., 2005).

AGP is a positive acute phase protein that under normal conditions circulates in human plasma
at a concentration of 0.6 -1.2 mg/ml and rises up to 2- to 7-fold during acute phase response
(Colombo et al., 2006; Kremer et al., 1988). Besides the liver, a main source for the circulating
AGP levels, production of AGP occurs in human microvascular endothelial cells, pneumo‐
cytes, alveolar macrophages, neutrophils, monocytes and B and T lymphocytes (Sirica et al.,
1979; Sorensson et al., 1999; Crestani et al., 1998; Martinez Cordero et al., 2008; Fournier et al.,
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1999; Theilgaard-Monch et al., 2005; Rahman et al., 2008; Gahmberg & Andersson, 1978;
Dirienzo et al., 1987). Hepatic AGP expression is induced by the IL-1β, IL-6 and TNF-α and
inhibited by the growth hormone (Barraud et al., 1996; Mejdoubi et al., 1999).

The immunomodulatory activities of AGP are specifically directed against exaggerated
inflammatory response to tissue damage. For example, AGP in a concentration-dependent
manner regulates neutrophil chemotactic migration and superoxide generation (Costello et
al., 1984; Hochepied et al., 2003; Laine et al., 1990). AGP also inhibits monocyte chemotaxis
and diminishes cellular leakage caused by histamine and bradykinin. Moreover, AGP induces
secretion of soluble TNFα receptor and IL-1 receptor antagonist from peripheral blood
monocytes. (Tilg et al., 1993; Samak et al., 1982; Muchitsch et al., 1996).

The effects of AGP on lymphocytes are mainly immunosuppressive. AGP significantly
suppresses induced synthesis of IL-2 and proliferation of lymphocytes (Chiu et al., 1977; Elg
et al., 1997). Notably, different glycan variants of AGP show different degrees of inhibition of
lymphocyte proliferation (Bennett & Schmid, 1980). The Con A non-reactive fraction of AGP
(AGP-A) inhibits anti-CD3 stimulated lymphocyte proliferation stronger than Con A reactive
AGP forms emphasizing the importance of the carbohydrate moiety of AGP (Pos et al., 1990).

In vivo AGP has been found to protect mice against TNF-α induced lethal shock but not from
LPS-induced lethality or Fas-mediated cell death in lethal hepatitis. These findings imply that
the protecting effects of AGP are, most likely, TNF-α -specific (Muchitsch et al., 1998; Van Molle
et al., 1999).

Pro-inflammatory and immuno-stimulatory effects of AGP have been described, too. Previous
studies demonstrated that AGP activates monocytes to produce IL-1β, IL-6, IL-12, TNF-α and
tissue factor (Su & Yeh, 1996; Tilg et al., 1993). Moreover, AGP has found to potentiate the
effect of suboptimal concentrations of LPS to induce IL-1β, IL-6 and TNF-α in peritoneal and
alveolar macrophages (Boutten et al., 1992). Nakamura and collaborators presented evidence
that monocytes stimulated with inflammatory cytokines produce AGP and suggested that
high expression of AGP may potentially create a positive feedback loop for further production
of IL-1β (Nakamura et al., 1993). The observation that AGP-induced secretion of TNFα can be
inhibited by protein tyrosine kinase inhibitors led to the proposal that AGP involves tyrosine
kinase signalling pathway (Su et al., 1999). This is in line with the finding that AGP binds to
chemokine receptor CCR5 on macrophages and signals via tyrosine kinases (Atemezem et al.,
2001). In neutrophil models AGP interacts with lectin-like receptors (Siglecs), Siglec-5 and/or
Siglec-14, directly induces an intracellular calcium rise and regulates expression of L-selectin
(Gunnarsson et al., 2007).

Recently, it has been reported that AGP up-regulates the expression of the Hb scavenger
receptor CD163 on monocytic cells in vitro (Komori et al., 2012). In vivo, in the phenylhydrazine-
induced hemolysis mice model AGP induced CD163 expression with a subsequent increase
in Hb clearance and reduced oxidative stress. The effect of AGP on CD163 expression seems
to be indirect and mediated by the IL-6 and IL-10, known inducers of CD163. According to
Komori and co-workers AGP induces CD163 expression via the TLR4/CD14 pathway (Komori
et al., 2012).
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Taken together AGP seems to exhibit both pro- and anti-inflammatory effects. The resulting
net function of AGP most likely depends on contextual factors, e.g. interacting cell type,
additional stimuli, inflammatory status of the host.

9. C-reactive protein

Human C-reactive protein (CRP) belongs to a family of pentraxins (Myles et al., 1990) and is
composed of five identical 23 kDa subunits (protomers), linked together non-covalently to
form pentameric CRP. The liver is the main source for circulating CRP. Hepatic secretion of
CRP is primarily regulated by IL-6 and IL-1 (Weinhold et al., 1997; Zhang et al., 1995). Plasma
CRP is a highly dynamic protein with a concentration range from 0.05 to 500 µg/ml (Shine et
al., 1981; Pepys & Hirschfield, 2003). Plasma CRP levels rise up to 10.000-fold in response to
acute tissue injury or inflammation and decline rapidly due to a relatively short half-life (about
19 hours) (Macintyre et al., 1982; Claus et al., 1976; Vigushin et al., 1993). Cardiovascular disease
is correlated to chronic inflammation and serum CRP above 3 µg/ml is a good predictive of
increased risk for the disease (Black et al., 2004).

Both in vitro and in vivo CRP exists in a monomeric form (mCRP) with a molecular weight of
23 kDa, too (Taylor & van den Berg, 2007). The pentameric native form of CRP (nCRP) is usually
found in the plasma whereas the momomeric form of CRP (mCRP) is present in tissues and at
sites of inflammation (Diehl et al., 2000; Potempa et al., 1987; Rees et al., 1988). pCRP also
undergoes conformational rearrangement in the absence of calcium and dissociates into mCRP
(Eisenhardt et al., 2009). The modified CRP isoform is generated in vivo when pCRP binds to
damaged membrane surfaces such as activated platelets, apoptotic microparticles (Haber‐
sberger et al., 2012), liposomes containing lysophosphatidylcholine (Volanakis & Narkates,
1981), and oxidized but not native low-density lipoprotein (Chang et al., 2002). Modified CRP
displays an antigenicity that is distinct from pCRP. In fact, modified CRP may exist as
aggregates of mCRP on cell membrane surfaces (Ji et al., 2007).

One critical function of modified CRP is binding to C1q and activation of the immune system’s
complement cascade (Ji et al., 2006). In addition to its roles in the regulation of classical and
alternative complement pathways, CRP has been shown to interact with ficolin-2 (Ng et al.,
2007). Recent study has shown that infection-induced local inflammatory conditions trigger a
strong interaction between CRP and ficolin-2; this elicits complement amplification and
enhances antimicrobial activation of the classical and lectin pathways (Zhang et al., 2009).

Despite evidence that modified CRP is more strongly associated with inflammation (Zouki et
al., 2001) current CRP diagnostics are unable to distinguish between the common isoforms.

Taken together, physiological function of CRP is not fully understood. The most reproducible
observations indicate that CRP contributes to innate immunity against bacterial infections like
pneumococci (Horowitz et al., 1987). Experimental data provide evidence that transgenic mice
over-expressing human CRP are more resistant to Pneumococci sepsis than wild-type mice
(Szalai et al., 1995). Indeed, CRP is expressed by respiratory epithelial cells and CRP concen‐
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trations in secretions from both inflamed and non-inflamed human respiratory tract are
sufficiently high for an antimicrobial effect. This suggests that CRP is involved in the bacterial
clearance in the respiratory tract (Gould & Weiser, 2001).

Recent findings lend experimental support to the hypothesis that biological activities of CRP
might be dependent on both, its molecular form and the property to interact with plasma
membrane lipid microdomains (Ji et al., 2009).

For example, CRP and two CRP derived peptides, CRP(174-185) and CRP(201-206), but not
peptide CRP(77-82) are capable of diminishing attachment of human neutrophils to LPS-
stimulated human endothelial cells and consequently limiting leukocyte traffic into inflamed
tissues (Zouki et al., 1997). CRP as well as the two peptides rapidly downregulate the expres‐
sion of L-selectin on the neutrophil surface.

In summary, CRP is used as an indicator of disease outcome and to monitor the disease course.
CRP is measured objectively and affordably in clinical practice worldwide.

10. Conclusions

In this chapter we have shown that AAT, only one among many APPs, holds tremendous
potential as an anti-inflammatory and immuno-modulatory protein.

Several in vitro and in vivo studies have been published in which a specific APP switched the
pro-inflammatory to the anti-inflammatory pathways necessary for the resolution of inflam‐
mation. Although the physiological roles of APPs are not completely understood, existing
findings provide evidence that APPs act on a variety of cells involved in early and late stages
of inflammation and that their effects are time, concentration and molecular conformation-
dependent. It cannot be excluded that these proteins may have more common characteristics
and biological effects, however the lack of high quality purified endotoxin or other contami‐
nant free proteins limits current understanding.

The mechanisms of action for the APPs are still being investigated, however, there remain a
number of challenges to face in the development of APPs as a true anti-inflammatory thera‐
peutic agents and diagnostic markers.
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Inflammation and Acute Phase Proteins in Haemostasis
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Additional information is available at the end of the chapter
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1. Introduction

Inflammation is a very complex reaction to infection or injury the endeavour being to contain
the infection and harm to a limited area. The process is associated with the activation of the
coagulation system. To think that inflammation occurs and then leads to activation of the
coagulation system is not quite true as there is much cross-talk between the two systems. This
is a natural host response to cellular damage or infection however an overshooting of this cross-
talk between coagulation and inflammation can lead to an exaggerated prothrombotic state
and exacerbate the disease process. A wide range of inflammatory conditions such as infec‐
tions, acute respiratory distress syndrome and SIRS (systemic inflammatory response syn‐
drome) following major surgery e.g.cardiac surgery can lead to an uncontrolled inflammatory
response and to profound disturbance of the coagulation system leading to an imbalance in
the normal anticoagulated state of blood to that of a procoagulant state. When coagulation is
compromised it can contribute to the pathogenesis of the inflammatory condition with
deposition of fibrin within the microvasculature directly enhancing the inflammatory reaction.
This in turn leads to a modulation of protein manufacture mainly via Liver hepatocytes in the
upregulation and downregulation of at least twenty factors directly involved in blood
coagulation. This process is controlled via cytokines and leads to the imbalance in what are
called the haemostatic acute phase proteins. All of which puts the haemostatic system at an
increased thrombotic potential [1, 2, 3, 4].

The haemostatic system maintains blood in a fluid phase under normal physiological condi‐
tions and provides a mechanism to prevent exsanguination upon vascular damage. Morawitz
had created the ‘classic’ theory of blood coagulation in 1905 but it was Macfarlane who first
reported the coagulation cascade as a biochemical amplification pathway of pro-enzyme-
enzyme transformations in 1964 [5]. Davie and Ratnoff later the same year referred to it as a
waterfall stepwise sequence of activation [6]. Macfarlane’s idea that amplification of the
cascade and acceleration of earlier stages of the pathway culminating in the conversion of



fibrinogen to fibrin was a major breakthrough in the understanding of how the coagulation
factors interacted and forms the basis of what we understand today.

Platelets are the primary haemostatic plug when damage first occurs to a vessel. The multi‐
meric protein von Willebrand factor mediates the adhesion of platelets to the site of vascular
damage. The platelets bind to the matrix proteins exposed by the damage to the vessel wall,
particularly collagen. These platelets are activated by small amounts of thrombin (~1nM)
produced by tissue factor exposure at the site of vascular damage. The tissue factor binds factor
VII that is rapidly activated. The tissue factor-VIIa complex subsequently activates factor X.
The activated platelet provides binding sites for the coagulation enzymes, localising coagula‐
tion to the site of injury and prolonging activation of coagulation by protecting the enzymes
from inhibition and inactivation [7]. Factor X is essential to this ‘propagation’ phase of
coagulation. When bound to the platelet and activated via the VIIIa-IXa complex Xa is
protected from inhibition by tissue factor pathway inhibitor and antithrombin.

Figure 1. Cell based model coagulation. Reproduced with kind permission of Professor M.Hoffman

Tissue factor pathway inhibitor (TFPI) rapidly blunts this driving force of tissue factor-VIIa
complex that initiates coagulation and generates the sudden burst of thrombin [8]. Once trace
amounts of thrombin have been formed this is then able to activate factors V, VIII, IX and XI.
This positive feedback mechanism ensures prolonged activation of the system with sufficient
quantities of thrombin being produced to activate platelets, white cells, endothelial cells, and
the protein C anticoagulant pathway and to continue producing thrombin.
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Coagulation activation yields proteases that not only interact with coagulation protein
zymogens but also with specific cell receptors to induce signaling pathways that mediate
inflammatory responses [9]. Many in vitro observations point to a role of coagulation proteases
in upregulating the expression of proinflammatory mediators [10]. The most important
mechanism by which coagulation proteases influence inflammation is by binding to protease
activated receptors (PARs), of which four types (PAR 1 to 4) have been identified, all belonging
to the family of transmembrane domain, G-protein–coupled receptors [11]. Tissue factor is also
a potential mediator of intracellular signaling of established inflammatory pathways, func‐
tioning as an intermediate for factor VIIa–induced activation of mitogen-activated protein
kinases and calcium signalling [12]. It is tissue factor that binds to factor VII and drives
thrombin generation leading to fibrin formation. Tissue factor is an integral membrane protein
normally separated from blood by the vascular endothelium. Tissue factor is expressed in the
vascular adventitia in astroglial cells. It also appears in tumour cells where it appears related
to their metastatic potential. All of this activation of coagulation increases in some procoagu‐
lant factors (fibrinogen and fator VIII) with reduced fibrinolytic response and dampening of
the natural anticoagulant potential have a profound effect on mortality.

Thrombin plays many parts (Figure 2) and with the anticoagulant protein, activated protein
C, can activate specific cell receptors on mononuclear cells and endothelial cells which can
affect cytokine production and inflammatory cell apoptosis.

Vascular endothelium

Thrombin

VIII V

XIII

XI

Leukocyte

Platelet

Fibrinogen

Activated protein C

TM

TAFI

t-PA
ICAM-1 P-selectin

 

Figure 2. Thrombins role in activating some of the components of coagulation and inflammation. Coagulation factors V, VIII,XI and XIII, TM – 

thrombomodulin, TAFI – thrombin activatable fibrinolytic inhibitor, t-PA – tissue plasminogen activator 
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TLR1,2,4 6,8 & 9 all appear on platelets and form one of the many bridges between inflammation and coagulation. TLR’s are 

responsible for LPS induced thrombocytopenia[13]. Platelets express TLR – pattern recognition receptors involved in innate 

immunity. TLR’s are able to recognise danger associated molecular patterns (DAMPs). For example fibrinogen that is released 

during inflammation is a DAMP and further enhances the proinflammatory response through TLR4. It is via TLR and DAMPs that 

induction of caspase-1 activation which causes the processing of the proinflammatory response through various cytokines[14]. 

Figure 3 

Figure 2. Thrombins role in activating some of the components of coagulation and inflammation. Coagulation factors
V, VIII,XI and XIII, TM – thrombomodulin, TAFI – thrombin activatable fibrinolytic inhibitor, t-PA – tissue plasminogen
activator, ICAM-1 intracellular adhesion molecule 1

Inflammation and Acute Phase Proteins in Haemostasis
http://dx.doi.org/10.5772/55998

33



2. Initiation of the pro-inflammatory response

Pathogen recognition receptors, Toll receptors (TLR), are essential in the host defence against
pathogens. Platelets express these pattern recognition receptors involved in innate immunity.
TLR’s recognise microbial structures that are conserved among species. TLR1,2,4 6,8 & 9 all
appear on platelets and form one of the many bridges between inflammation and coagulation.
TLR’s are responsible for LPS induced thrombocytopenia [13]. Platelets express TLR – pattern
recognition receptors involved in innate immunity. TLR’s are able to recognise danger
associated molecular patterns (DAMPs). For example fibrinogen that is released during
inflammation is a DAMP and further enhances the proinflammatory response through TLR4.
It is via TLR and DAMPs that induction of caspase-1 activation which causes the processing
of the proinflammatory response through various cytokines [14]. Figure 3

Figure 3. Cross-talk between coagulation and innate immune pathways in response to DAMPs (danger associated
molecular patterns); DAMPS from invading pathogens or damaged host cellsare recognised by pathogen recognition
receptors (PRRs) on antigen presenting cells, neutrophils, monocytes, macropahges, endothelial cells and platelets.
This results in tissue factor exposure sustained by cytokines and chemokines with proinflammatory and opsonic prop‐
erties and associated with increaased expressionof leukocyte adhesion molecules. In parallel DAMP-induced comple‐
ment activation via any of the complement activation pathways leads to generation of the complement factors C3a
and C5a and the membrane attack complex C5b-9. C5a feeds back to promote further tissue factor expresssion and
C5b-9 also supports generation of thrombin. Green lines indicate increase in response, red lines indicate supression.
Reproduced with kind permission of Dr EM Conway.

Cytokines are small molecules that have relatively short half-lives of between minutes and
hours but play a pivotal role in the inflammatory response. The most important cytokines
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involved in regulating the coagulation response during inflammation are IL-6, TNF-alpha,
IL-8, MCP-1 and IL-1 [15].

Acute phase proteins are released as mediators of the inflammatory cascade as a chemical and
cellular response to injury. They increase rapidly in plasma in response to a inflammatory
insult. Some acute phase proteins increase transiently (C-reactive protein) while others have
a more sustained elevation (Haptoglobin) [16].

The inflammatory response to surgery, atherosclerosis, infection and cardiovascular disease
has a profound effect upon the haemostatic system, including fibrinolysis. The cytokines
interleukin 1β (IL-1β) and interleukin 6 (IL-6) modulate the production and suppression of
many of the coagulation enzymes formed by the Liver.

The effect is to make the endothelium and whole coagulation system more procoagulant.
Figure 4

Inflammation

Anticoagulant
Anti-inflammatory
Profibrinolytic

Procoagulant
Antifibrinolytic
Pro-inflammatory
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Figure 4. Inflammatory drive to a procoagulant state following endothelial stimulation.

3. Coagulation acute phase proteins

An acute-phase  protein  has  been  defined  as  one  whose  plasma concentration  increases
(positive acute-phase proteins) or decreases (negative acute-phase proteins) by at least 25
percent during inflammatory disorders [16].  The changes in the concentrations of  acute-
phase proteins are due largely to changes in their  production by hepatocytes.  Although
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the  mechanism  by  which  the  liver  processes  the  stimulation  to  increase  and  decrease
protein production may be different in different forms of inflammatory insult e.g. sepsis
and chronic inflammation [17].

Proteins whose plasma concentrations increase with

inflammation

Proteins whose plasma concentrations decrease with

inflammation

Fibrinogen

Factor VIII

Protein S

Plasminogen activator inhibitor PAI-1 C4b-binding

protein

Urokinase

α 1 Antitrypsin

α 2 Macrogloulin

von Willebrand factor

C1-esterase inhibitor

C-reactive protein

Thrombopoietin

Thrombin activatable fibrinolytic inhibitor (TAFI)?

Factor XII

Antithrombin

Histidine rich glycoprotein

Thrombomodulin

Endothelial protein C receptor

Thrombin activatable fibrinolytic inhibitor TAFI?

Protein C (? No change/decrease)

Table 1. Acute phase proteins that directly affect haemostasis

4. Coagulation proteins whose plasma concentrations increase during
inflammation

4.1. Fibrinogen

Fibrinogen is a soluble glycoprotein synthesised in the Liver with a normal plasma concen‐
tration of 2 – 4 g/L and half life of 4 days. When the coagulation cascade is activated fibrinogen
is the final substrate in the formation of a clot being converted to its insoluble fibrin form.
Thrombin cleaves fibrinogen releasing fibrinopeptide A and B forming fibrin monomers which
have exposed polymerisation sites on the fibrin molecule. Thrombin activates factor XIII which
cross-links these fibrin fibrils increasing clot strength and rendering them more resistant to
proteolysis [18]. Fibrin creation is required with platelets (stimulating platelet aggregation by
binding to the glycoprotein IIb/IIIa platelet membrane receptor) to repair any breach in the
vascular integrity and prevent haemorrhage. This process is not left unchecked and is
regulated via the fibrinolytic system (plasmin production) to prevent excess fibrin accumula‐
tion at the site of damage despite the procoagulant signalling drive. The local production of
plasmin is regulated via two plasminogen activators, tissue plasminogen activator (t-PA) and
urokinase plasminogen activator (u-PA) which under normal physiological conditions keeps
this fibrin matrix production and its lysis tightly controlled [19].
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During an inflammatory reaction fibrinogen can increase in the order of 2-3 fold and this
will  significantly increase blood viscosity and cause some degree of red cell  aggregation
as well  as transform vascular pathologies such as atherosclerotic plaques.  Fibrinogen by
means of  increasing the production of  endothelin-1,  is  also capable  of  directly  inducing
vasoconstriction [18].

Figure 5. Fibrinogen and fibrin modulation of inflammation. Fibrin(ogen) modulates the inflammatory response by
affecting leukocyte migration but also by induction of cytokine/chemokine expression mostly via Mac-1 signalling.
NO-nitric oxide, Mac-1 Macrophage antigen 1, PI3K Phosphoinositide-3-kiniase, TNF tumor necrosis factor. Repro‐
duced with kind permission of Prof. K Zacharowski

There is good evidence that fibrinogen has a function in regulation of the inflammatory
response as is seen in the increased concentration of fibrinogen associated with atherosclerosis
and cardiovascular risk. Fibrin(ogen) also participates in activation of vascular cells and
regulation of the inflammatory response via the ability to bind to and activate a number of
immune cells. The cellular ligand binding of fibrinogen is totally distinct to any coagulation
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function. Fibrin(ogen) can bind to the integrin receptor Mac-1 which is found on many myeloid
cells including monocytes and neutrophils and also T cells. The Mac-1 integrin is involved in
phagocytosis, adhesion, migration through the endothelium as well as apoptosis and degra‐
nulation (Figure 5). Binding of fibrinogen to Mac-1 also induces production of cytokines IL-1β,
IL-6 and TNF-α potentiating the inflammatory response, as many acute phase proteins do [20].

When fibrin is laid down in the microvasculature bed this enhances local and systemic
inflammation via expression of proinflammatory mediators. Fibrin(ogen) increases mRNA
concentration and induces synthesis of the proinflammatory cytokines IL-6 and TNF-α in
monocytes and macrophages which is induced by chemokine expression, macrophage
chemotactic protein (MCP-1) and macrophage inflammatory protein (MIP-1 and 2). The Toll
receptor TLR 4 facilitates this fibrin(gen) chemokine expression signalling [20].

Breakdown products of fibrin, D-dimers stimulate monocytes to release the following IL-1,
IL-6 and PAI-1 and fibrin degradation products also induce C-reactive protein production.

4.2. Factor VIII

Factor VIII is a procoagulant whose deficiency leads to classical haemophilia and a bleeding
diathesis [21]. Factor VIII once activated by small amounts of thrombin becomes a co-factor
for activated factor IXa in the formation of the tenase complex whereby these catalysts convert
factor X to its activated form Xa. A number of publications have shown raised factor VIII to be
linked with venous thromboembolism and increased thrombin generation [22, 23]. This
increase in factor VIII has been linked with an increase in basal inflammatory reaction. Factor
VIII increased production is mediated by the cytokine IL-6, however it is debateable as to how
much a persistently raised factor VIII is responsible to inflammation by some [24]. Post
operatively particularly after cardiac surgery factor VIII can be raised by as much as 2-3 fold.

4.3. Protein S

Protein S is a co-factor for protein C and produced mainly in the hepatocyes but also endothelial
cells and megakaryocytes. Once protein C has been activated by the thrombin thrombomo‐
dulin complex, which is augmented by the endothelial protein C receptor, activated protein C
dissociates from the endothelial protein C receptor and binds with protein S. This complex is
then able to inhibit factors Va and VIIIa, protein S enhancing the reactive cleaving of specific
sites by APC on factors V and VIII by anything up to 20-fold. At any one time only approxi‐
mately 40% of circulating protein S is free and able to participate in this reaction. The remaining
60% of circulating protein S is bound to the complement regulator protein C4B-binding protein
and lacks the co-factor functionality in this reaction. Consequently the protein S-C4BP complex
limits the functionality of activated protein C in its anticoagulant role. Therefore protein S plays
an important role in the regulation of thrombin generation although it being a risk factor for
venous thrombosis in deficient patients remains unclear and the odds risks have varied
between 0 – 11.5 fold in protein S deficient cases.

Protein S has an accelerating role in APC mediated PAI-1 inhibition thereby promoting clot
lysis and a possible inhibition of activation of thrombin activatable fibrinolytic inhibitor [25].
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Protein S has been shown to increase during inflammation. This may in part be due to
counterbalancing the procoagulant drive of the coagulation system in these circumstances by
providing more anticoagulant effect via the protein C pathway. It may also have to do with
other non-anticoagulant actions it has via its binding with C4BP (see below). Certainly
inhibition of protein S in in-vivo models of bacteraemia have shown to provoke the cytokine
response and what was a non-lethal injected dose of E.coli in baboons resulted in a lethal
reaction [26].

4.4. C4b-binding protein

The complement binding protein C4BP is a co-factor to a serine protease in the degredation of
C4 in the classical complement pathway and providing it has been suggested protection from
inflammation at a cellular level. The C4BP molecule has a central region with seven α chains
and one β chain emanating from it each with distinct ligand binding regions. It is on the β
chain side arm that the protein S binding region resides and in normal human plasma ~80%
of C4BP is found as this β chain form. C4BP is an acute phase protein and its levels can increase
to 400% of normal [25]. However this is mainly of the C4BPα form so the Protein S-C4BP
complex concentration is not generally affected. As so much protein S is normally bound to
C4BP and the concentration of the free anticoagulant active co-factor protein S level quite
tightly controlled is there a physiological role for the PS-C4BP complex? It has been suggested
that protein S forms one of the bridges between coagulation and inflammation. As protein S
has a high affinity to bind to negatively charged phospholipids it can bring C4BP into close
proximity to these sites allowing controlled complement activation at areas of vascular damage
where coagulation is activated. This has been linked to apoptosis and the complement system
allowing rapid clearance of apoptotic cells from the site of damage by macrophages but more
probably limiting or inhibiting further complement activation via necrotic cells [27, 28].

4.5. Plasminogen activator inhibitor PAI-1

The fibrinolytic system is the opposite of the coagulation system. It limits clot formation to the
site of injury and breaks down existing clot by an enzyme cascade. It is also, like haemostasis,
linked to inflammation with acute phase proteins that increase and others that are decreased.
Plasminogen provides the fibrinolytic potential and when converted to its active form plasmin
is able to bind to fibrin and begin its degradation. Plasminogen is activated by two activators,
tissue plasminogen activator (t-PA) and urokinase tissue plasmingen activator (u-PA). These
in turn are inhibited by plasminogen activator inhibitor 1 and 2 (PAI-1, PAI-2) and plasmin is
inhibited by α-2-antiplasmin. Of these inhibitors PAI-1 is a positive acute phase protein and
increases during inflammation. The cytokine tissue necrosis factor

(TNF-α) suppresses finbrinolysis by down regulating t-PA expression in endothelial cells
while production PAI-1 then in turn PAI-1 inhibits TNF-α is inhibited by PAI-1. It has also
been shown that by inhibiting TNF-α plasma levels of PAI-1 decrease [19].
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The increase in PAI-1 levels is again a driver of the haemostatic system towards a more
prothrombotic state. PAI-2 will not be discussed here but for interested readers they are
directed to the following publication [29].

4.6. Urokinase

Urokinase plasminogen activator (u-PA) is a multifunctional serine protease. It has been
shown to act as both a signalling ligand and a proteolytic enzyme. As an acute phase protein
its increase has been found in a number of metastatic carcinomas and this has led to a link in
its role of tumor growth and cellular expansion in conditions such as cardiac fibrosis and
atherosclerosis [30]. As well as displaying involvement in tissue remodelling u-PA also
appears to regulate macrophage activation and function. The macrophages not only synthesis
and release u-PA but also have receptors for the u-PA protease on their membranes. The
excreted u-PA induces TNF-α synthesis and secretion. The u-PA molecule has also been shown
to initiate inflammation via the release of IL-6 and IL-1β from monocytes and lymphocytes
[31]. The u-PA and its receptor uPAR also mediate immune complex induced inflammation
in the lung. This is achieved via generation of u-PA at the site of cellular inflammation with
subsequent activation of its receptor uPAR. This then sets off cellular signalling with C5a/C5aR
on the alveolar macrophages, recruitment of polymorphonuclear leukocytes and adequate
TNF-α production [32].

4.7. α 1 Antitrypsin

The α-1-antitrypsin glycoprotein is a proteinase inhibitor synthesised and secreted in the
hepatocytes of the Liver. It is one of two physiological inhibtors of activated protein C. It also
has a profound anti-inflammatory effect in the lungs with concentrations during a inflamma‐
tory response reaching levels found in the plasma. The range of antiprotease activity seen in
the lungs includes neutrophil elastase and plasminogen acitvators. If there is a deficiency of
α-1-antitrypsin (as with the genetically abnormal SERPINA1 gene mutations) then neutrophil
elastase provoked by infection and inflammation will unchecked breakdown elastin and
destroy alveolar walls leading to emphysema [33].

4.8. Alpha-2-macroglobulin

Alpha-2-Macroglobulin (α-2M) is an ancient serine protease binding host or foreign peptides
and particles, thereby serving as humoral defense barrier against pathogens in the plasma and
tissues. In humans α-2M, interacts and captures virtually any proteinase whether self or
foreign, suggesting a function as a unique "panproteinase inhibitor." In adult humans it
provides somewhere between 10-25% of the overall anti-thrombin activity in plasma. It is also
the primary inhibitor of thrombin in neonates and infants under 1 year of age until the Liver
matures and begins producing sufficient Antithrombin to take over the role. At times of
inflammation when antithrombin levels are low α-2M can become a ‘back-up’ thrombin
inhibitor [34].
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4.9. C1-esterase inhibitor

C1-inhibitor (C1INH) is a serpin and major inhibitor of the contact coagulation system that
involves factor XII, kallikrein and kininogen. It is also an important regulator of complement
activation inhibiting the first component of complement C1. Another important biological role
of C1INH is vascular permeability regulation [35]. This is well illustrated in patients who suffer
from hereditary angioedema where there is a deficiency of the C1INH activity. As it now seems
factor XII plays a substantial part in the formation of thrombin during sepsis and inflammation
where neutrophil extracellular traps are present that release polyphosphate that in turn
activate factor XII it would appear normal for C1INH to act as a positive acute phase protein
in limiting this activation as well as its complement inhibitory role. A rapid appearance of
C1INH-factor XIIa complexes is reported during sepsis with a sharp fall in the C1INH activity
wherein the inhibitory function of α-2Macroglobin becomes more important in its kallikrein
inhibiting role [36].

4.10. von Willebrand factor

The von Willebrand factor (VWF) is a multimeric protein that mediates the adhesion of
platelets to the exposed subendothelium at the site of vascular injury. It also serves as a carrier
protein for the labile coagulation factor VIII. VWF is synthesised in and stored in the Weibal-
Palade bodies of endothelial cells and megakaryocytes/platelets. Endothelial cells release VWF
when activated or stimulated. These VWF molecules are ultralarge and hyperactive, proficient
in binding to platelets via the glycoprotein Ib-X-V complex without any external activation.
Normally the ultralarge VWF multimers are cleaved into smaller less active multimers before
being released into plasma. Cleavage is performed by ADAMTS-13 (a disintegrin and metal‐
loprotease with thrombospondin motif). A deficiency of ADAMTS-13 leads to a thrombotic
thrombocytopenic purpura a thrombotic microangiopathy. Increased plasma levels of VWF
have been reported in a number of disease states including coronary artery disease, autoim‐
mune disease, trauma and infections. A common underlying process in all of these is inflam‐
mation. There appears to be a complex interaction between the common inflammatory
cytokines IL-6, IL-1β and TNF-α the release and cleavage of the VWF multimers by
ADAMTS-13.

Release of VWF multimers from endothelial cells occurs in a dose dependent fashion when
stimulated with IL-8 and TNF-α and IL-6 inhibits cleavage of the ultrlarge multimers. This
demonstrates that inflammatory cytokines interfere with the equilibrium of release and rate
of cleavage of the ultralarge VWF multimers.

This increases prothrombotic risk in this setting as most of the positive acute phase proteins
have a propensity to do creating a procoagulant environment. It is of interest to note that IL-8
resides in the Weibel-Palade bodies of the platelet the same place as VWF and is involved in
the platelet leukocyte aggregation and it is TNF-α that activates endothelial cells releasing IL-8.
The inhibition by IL-6 of ultralarge multimer cleavage by ADAMTS-13 may be by way of
synthetic and secretion inhibition. In overwhelming sepsis there is also probably an element
of exhaustion of metalloprotease activity [37].
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4.11. C-reactive protein

C-reactive protein (CRP) is a pentameric molecule that increases several hundred fold
following an inflammatory stimulatory response this being primarily due to IL-6 stimulation
of production of CRP in the hepatocytes of the Liver. CRP amplifies the host defence mecha‐
nism by activation of complement via C1 and stimulation of macrophages. CRP also upregu‐
lates tissue factor expression on monocytes [38] and induces release of PAI-1 thereby
downregulating fibrinolysis [39] promoting a procoagulant state. The pentameric CRP is
thought to be directly proinflammatory at high concentration like those of sepsis or major
surgery but more subtle inflammatory reactions take place when monomeric CRP is released
from the pentameric form. This appears to be driven by activated platelets revealing new lipid
messenger sites; lysophosphatidycholine (LPC) that bind and dissociate the pentameric form
of CRP to the monmeric form [40].

During sepsis when disseminated intravascular coagulation (DIC) occurs this has been found
experimentally to co-inside with formation of a calcium-dependent complex between CRP and
very low density lipoprotein (VLDL). The VLDL molecular makeup is different in septic
patients to normal controls due to a deficiency of phosphatidylethanolamine. This CRP-VLDL
lipid raft increases the procoagulant effect through an increase in prothrombinase activity. The
CRP-VLDL complex exists in vivo and it has been postulated that is has a pathogenic role in
disseminating the intravascular coagulation [41].

5. Coagulation proteins whose plasma concentrations decrease during
inflammation

5.1. Antithrombin

Antithrombin (AT) is one of the major natural anticoagulats inhibiting thrombin, factor Xa,
IXa and factor VIIa bound to tissue factor. Inhibition of factors Xa, IXa and the VIIa-tissue factor
are accelerated via the endothelial cell heparin like proteoglycans. The importance of this
anticoagulant pathway is highlighted when AT levels are low, either congenitally or acquired,
the risk of thrombosis is significantly increased.

AT has been shown in-vitro using HUVEC cells and IL-6 to act as a negative acute phase protein
[42]. Other mechanisms that can reduce AT function during an inflammatory response include
increased consumption from activation of haemostasis and increased degradation by proteo‐
lytic enzymes (elastase released from activated neutrophils). Furthermore inflammatory
cytokines can induce a reduction in the production of glycosaminoglycans such as heparin
and chondroitin sulphate on the endothelial cell which may contribute to the impaired function
of AT due to GAGs acting as physiological heparin-like cofactors promoting the anticoagulant
anti-thrombin activity of AT [43, 44].

AT can indirectly act as an anti-inflammatory molecule by directly inhibiting thrombin
reducing its inflammatory properties of haemostatic and complement activation, leukocyte,
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endothelial and platelet activation. AT also appears to directly act as an anti-inflammatory
agent by binding with leukocytes receptors blocking their communication with endothelial
cells and limiting their adhesion and migration [45]. In animaI models it has also been shown
that AT induces the release of prostacyclin from endothelial cells. The prostacyclin is a platelet
inhibitor and abrogates neutrophils adhering to endothelial cells both of which contribute to
the inflammatory response [46].

In addition AT can also modulate cellular receptor expression by downregulating the expres‐
sion of CD11b/CD18 on leucocytes which bind factor X aiding its activation [47].

AT is also able to decrease expression of tissue factor and IL-6 expression on monocytes and
endothelial cells reducing the inflammatory drive [48].

5.2. Histidine rich glycoprotein

Histindine rich glycoprotein (HRGP) is a single polypeptide chain protein that is synthesised in
the Liver found in plasma and on the surface of leukocytes, monocytes and the α-granules of
platelets. HRGP has been shown to bind to a number of molecules including, haem, Zn2+,
plasminogen, fibrinogen, IgG, complement and factor XIIa (not the inactive zymogen) [49].
HRGP exerts some degree of innate immune response by exhibiting antimicrobial activity to
some organisms and removal of necrotic cells by binding to free decondensed DNA (polyphos‐
phate).

HRGP behaves as a negative acute protein during inflammation [50]. This is of interest as
fibrinogen one of its primary ligands is increased. Possibly more importantly is the fact that
HRGP strongly inhibits polyphosphate induced factor XII autoactivation via increased Zn2+

levels in response to local platelet activation, showing it to be a significant modulator of factor
XII activation during sepsis and inflammation [51]. Because of its negative acute phase nature
this will allow increased activation of factor XII in these circumstances potentiating the pro-
inflammatory and pro-coagulant condition.

5.3. Thrombomodulin

Thrombomodulin (TM) is present on endothelial cells of the entire vasculature and is a
transmembrane protein with epidermal growth factor (EGF) repeating molecules that stick out
of the plasma membrane and provide binding and activation sites for a number of molecules.
There is a high affinity binding site for thrombin on EGF domain 5-6 from which protein C is
activated at EGF domains 4-6. Thrombin activatable fibrinolytic inhibitor is activated by
thrombin at EGF sites 3-6 [52]. When thrombin binds and complexes with thrombomodulin
on the cell membrane its ability to activate protein C increases by greater than 1000-fold.
Activated protein C anti-inflammatory effects are discussed later in this chapter, see below.
Once thrombin has bound to TM it becomes quickly neutralised by its natural serine proteases
inhibitors antithrombin, heparin co-factor II and protein C inhibitor and therefore activation
of protein C also ceases.

The effect of inflammation on TM is to decrease its presence on the endothelial cell surface by
its cellular internalisation by endocytosis via TNF-α. This creates a site where coagulation can
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take place as the anticoagulant barrier has been removed and it may also stimulated further
inflammatory response [43]. CRP has also been shown in experimental conditions using
human coronary artery endothelial cells treated with CRP in a dose and time dependent
manner to reduce messenger RNA levels of TM [53]. TM also provides anti-inflammatory
protection from complement activation by enhancing inactivation of C3b and by promoting
activation of thrombin-activatable fibrinolysis inhibitor that inactivates complement anaphy‐
latoxins C5a and C3a [54]. Others have shown that thrombin-activatable fibrinolysis inhibitor
activation via TM is attenuated by platelet factor 4 released from activated platelets [55].

5.4. Endothelial protein C receptor

The thrombomodulin-thrombin conversion of protein C to its activated form is facilitated by
the endothelial protein C receptor (EPCR). The EPCR is another endothelial cell transmem‐
brane protein located in close proximity to the thrombomodulin molecule and with high
affinity binding for protein C. EPCR as well as binding protein C also binds its activated form
and via membrane lipid rafts they complex with PAR-1 [56]. The EPCR-activated protein C
molecule activates PAR-1 in a different way to thrombin which allows it to signal through a
potent Gi protein pathway by which anti-inflammatory pathways are stimulated within the
endothelial cell [57]. C-reactive protein has also been shown, as in the case of thrombomodulin,
under experimental cell culture conditions to down regulate EPCR.

5.5. Thrombin activatable fibrinolytic inhibitor

Thrombin activatable fibrinolytic inhibitor (TAFI) is a basic carboxypeptidase identical to the
plasma procarboxypeptidases B, U and R. TAFI is activated by thrombin and plasmin although
the most efficient activator is the thrombomodulin-thrombin cellular membrane bound
complex. TAFI inhibits fibrinolysis by cleaving lysine residues from fibrin which restricts the
binding of tissue plasminogen activator to these sites and enhancing the plasminogen con‐
version to plasmin potentiating further fibrin breakdown [58]. TAFI certainly modulates the
balance between coagulation and fibrinolysis but it appears its linking role with inflammation
still needs to be fully elucidated. For instance TAFI has been shown to be a positive acute phase
protein in mice [59] but in the same year Boffa et al interestingly showed that IL-6 administered
to cultured HepG2 cells resulted in a 60% decrease in TAFI mRNA [58]. Subsequently TAFI
has been shown to be raised in experimental endotoxemia [60]. Its anti-inflammatory proper‐
ties are also downregulated by platelet factor 4 which is release from activated platelets and
endothelial cells during activating stimuli and inflammatory insults which prevents TAFI
activation by binding to the thrombin-thrombomodulin complex thereby preventing TAFI’s
inactivation of the complement anaphylatoxins C5a and C3a [55].
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6. Other major components of the acute phase response that affect
haemostasis

6.1. Protein C

The protein C pathway is known to be an important anticoagulant system with patients
deficient in protein C being at risk of thrombosis or in its homozygous form purpura fulminans.
Activated protein C inhibits factors V and VIII this being supported by the activation of protein
C by thrombin bound to thrombomodulin on the endothelial cell surface. As well as acting as
an anticoagulant activated protein C is also able to inhibit PAI-1. The anticoagulant and
antifibrinolytic aspects of the protein C pathway have been elucidated and well described
although there still appears much to learn from the interaction of protein C during the
inflammatory response.

It is unclear from studies of the acute phase proteins whether protein C acts as a positive or
negative acute phase protein. Most studies show it to have no change in concentration during
an inflammatory response or its plasma concentration to decrease. A decrease in protein C
could be attributed to consumption as well as a cytokines limiting the natural anticoagulant
response. Activated protein C also confers a cytoprotective, anti-inflammatory, anti-apoptosis
and endothelial barrier stabilisation effect when active [61].

Activated protein C signals its anti-inflammatory effects mainly via PAR-1 pathways whereby
following Gi signalling and sphingosine-1-phosphate production there is improvement in
endothelial cell barrier function [62].

Transcriptional profiling studies using cell cultures of human umbilical vein endothelial cells
(HUVECs) have demonstrated that recombinant human activated protein C can regulate
endothelial cell gene expression linked to inflammation and cell survival [63]. The activated
protein C suppresses NFκB a cell nuclear transcription factor, and by reducing its expression
and function this in turn causes inhibition of cytokine signaling [64].

6.2. Cytokines

Cyotkines are a superfamily of molecules involved in cell signalling many of which are
increased greater than 1000-fold during an inflammatory insult. Cytokines such as interleukin
(IL)-6, but also platelet-derived growth factor and monocyte chemoattractant protein (MCP)-1
are capable of stimulating tissue factor expression in mononuclear cells. Tissue factor being
the initiator of thrombin generation and fibrin formation.

IL-6 is a multifunctional cytokine that is induced in many disease states such as sepsis,
endotoxaemia and in-vitro after administration of tumor necrosis factor (TNF). Several studies
have suggested IL-6 to be a potential mediator of endotoxin induced coagulation activation.
This has been validated by treatment of chimpanzees with a monoclonal anti-IL6 antibody that
ablated the activation of coagulation [65]. Cytokines are pivotal in providing a means of cross
talk between inflammation and coagulation [66].
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Inflammation and coagulation can not be considered as two separate processes because there
are several interlocking points making them a unique defensive host reaction. The endotheli‐
um is one of the major links between the two since damaged endothelium during inflammation
represents a surface where proteins involved in both coagulation and fibrinolysis and the
development of inflammation are expressed. Cytokines down regulate the surface receptor
thrombomodulin and the activation of protein C but at the same time increase the expression
of tissue factor. Platelets adhere to these sites of vascular damage and when activated also
release several cytokine mediators of inflammation, adhesion molecules and growth factors
including IL-1β, CD40 ligand, vitronectin and RANTES [13], [67].

In addition to the inflammatory cytokines like interleukin 1 and TNF, infection per se can
trigger the release of neutrophil extracellular traps (NETs). Which in turn release cytokines
and microparticles exacerbating the acute phase haemostatic response [68].

Cytokines also upregulate the complement system activated C5b9 complexes can assemble
clot promoting membrane phospholipids, TNF-α downregulates thrombomodulin and
vascular heparin sulphates promoting a procoagulant environment. The net effect of this is to
further lessen the inhibitory mechanisms that control thrombin generation.

6.3. Platelets

Platelet numbers increase following surgery, trauma and sepsis following a inflammatory
response. Both IL-6 and thrombopoetin stimulate the production of platelets [69]. This reactive
thrombocytosis can last up to13 days post surgery and may responsible for PAF adverse events
in liver reperfusion and thrombotic complications post cardiac surgery. It appears that
thrombopoietin is an acute phase reactant but not uniquely responsible for the rise in the
platelet count during a reactive thrombocytosis but is probably aided and abetted by IL-6 [70].

Platelets release CD40 ligand which induces tissue factor expression and increases inflamma‐
tory cytokines IL-6 and IL-8. (Esmon CT). The CD40 ligand is a transmembrane protein related
to TNF-α which was originally identified on stimulated CD4+ T cells. The interaction of CD40
on T and B cells is integral to the development and function of the humoral immune response.
It is now known that CD40 ligand is found on many cells including macrophages, endothelial
cells and platelets. Upon activation platelets express CD40L within seconds. As wtih TNF-α
and IL-1 the CD40L on platelets induces endothelial cells to exude cytokines and up regulate
the expression of adhesion molecules. This all increases the general recruitment of leukocytes
to the site of injury. Platelets therefore directly initiate the inflammatory response at the vessel
wall [14]. Figure 6

The concept that platelets play a key role in the host defence and inflammatory response has
taken longer to realise mainly due to their role in primary haemostasis. This new role of
platelets as immune effector cells is enhanced by the finding that platelets directly interact with
microbes and bacteria.

Platelet activation along with procoagulant events and fibrin formation seem crucial for the
containment and killing of bacteria. Platelets have recently been shown to induce the formation
of neutrophil extracellulat traps (NETs). NETs are lattice arrangements of decondensed nuclear
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chromatin which are laced with histones that have antimicrobial properties. It also appears
that this may be an ‘overshooting’ of the hosts defence mechanism with further platelet
activation, thrombosis and endothelial cell injury [71], [72], [73].

 

Figure 6. Inflammation and platelet activation. Platelet derived growth factor – PDGF, platetlet factor 4 – PF4. 
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6.4. Endothelium

Endothelial cells in the vasculature are actively involed in haemostasis providing an anticoa‐
gulant surface preventing activation of the coagulation system. Endothelial cells produce
elements with proinflammatory, procoagulant and antifibrinolytic properties as well as those
with the opposite anti-inflammatory, anticoagulant and profibrinolytic properties. When
endothelial cells are activated or damaged they release into the local surroundings procoagu‐
lant components such as von Willebrand factor ( a platelet binding factor and a carrier protein
for factor VIII) and thromboxane A2 (a platelet activator) and plasminogen activator inhibitor
(PAI-1 a potent inhibitor of tissue plasmingen activator). The opposite is true of components
that provide an anticoagulant surface in the milieu of the blood vascular barrier. Thrombo‐
modulin, a thrombin binding transmembrane protein that switches thrombin from a procoa‐
gulant enzyme to one that activates protein C, a nautral anticoagulant that inhibits the activity
of factors V and VIII, in internalised within the endothelial cell. Thrombomodulin is also
cleaved from the endothelium by activated Neutrophils. Tissue factor is expressed on the cell
surface along with adhesion molecules that mediate the interaction of neutrophils and platelets
these included vascular cell adhesion molecule (VCAM-1), P and E selectin and intracellular
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cell adhesion molecule (ICAM-1) all of which promote the inflammatory response. So the
endothelium serves as an interface for the inflammatory response leading to local activation
of the coagulation system, vasodilatation and pro-inflammatory state [3], [57].

6.5. Complement

Complement is part of the innate immune system and the effector of antibody mediated
immunity. The biological functions of complement include the defence against infections and
the clearance of immune complexes and apoptotic cells. The complement cascade is made up
of approximately 30 proteins circulating in plasma and expressed on cellular surfaces. The
complement cascade is activated via three pathways: classical, lectin and alternative. The
classical pathway is initiated by the binding of C1q to antigen–antibody complexes. The lectin
pathway is initiated via the binding of mannose-binding lectin or ficolins to sugars found at
the bacterial cell wall. Both of these pathways lead to the formation of a C3 convertase. The
alternative pathway is stimulated by spontaneous hydrolysis of internal thioester bonds within
C3. C3a and C5a are anaphylatoxins and inflammatory mediators which are inhibited by TAFI.

Complement and coagulation are again two systems that cannot be viewed separately during
an inflammatory response. Complement contributes significantly to the prothrombotic state
during inflammation. The direct procoagulant activities of complement involve the activation
of platelets via C3a and the C5b-9 membrane attack complex and the upregulation of tissue factor
and PAI-1 expression on various cell types by C5b. Thrombin has also recently been identified
as an activator of C5 linked to the coexistence of a C5 convertase enzyme [74], [75], [76].

It is of interest to note the complement factor C4B-binding protein is a positive acute phase protein
that can increase greater than 400% during inflammatory states. The C4B-bp in normal circum‐
stances binds the natural anticoagulant protein S. Protein S acts as a co-factor with activated
protein C in the inactivation of factors V and VIII. It was thought that an increase in C4B-bp may
increase the binding of circulating protein S, approximately 60% of protein S is normally bound
leaving the other 45% free protein S to aid in the V and VIII inactivation. However this in‐
crease is restricted to the C4BPα+ form, which does not bind to PS. Therefore, the blood levels
of the active free form of PS remain stable even during an acute phase response. The normal
binding of protein S to C4B-bp probably allows this complex to bind via protein S high affinity
for negatively charged phospholipids depositing it at area of cellular damage and limiting further
apoptosis through complement activation as it will block C4b (see Protein S).
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1. Introduction

1.1. The acute phase response (APR) and haptoglobin (Hp)

Acute phase response is a stereotyped innate nonspecific reaction of the body proceeding
specific immune reactions. It´s a systemic homeostatic reaction of the organism to local and or
systemic disturbances caused by infections, tissue injury, trauma, immunologic disorders and
neoplasias (Ron D et al 1990, Trautwein C et al 1994, Gruys E et al 2005). Proinflammatory
cytokines are released at the place of tissue injury, diffuses locally and systemically to the
vascular system and activates receptors on different target cells resulting in the activation of
hypothalamic-pituitary-adrenal axis (HPAA), results in the production of growth hormone
secretion and induces changes in the concentration of several plasma proteins (Ron D et al 1990,
Trautwein C et al 1994, Gruys E et al 2005).

These acute phase proteins (APPs) can be positive (higher levels in plasma) or negative (lower
levels in plasma). The alteration on mRNA in hepatocytes is due to simultaneous influence of
systemic cytokines (IL1, IL6 and TNFα), glucocorticoids and catecholamines (Bowman BH
1993, Ron D et al 1990, Trautwein C et al 1994).

Haptoglobin together with fibrinogen, α-globulins with antiprotease-activity and lipopoly‐
saccharide binding protein belong to the group of positive APPs that increase 3-fold in
mammals (Trautwein C et al 1994, Gruys E et al 2005).

Haptoglobin (Hp) is an acute phase α2 plasma glycoprotein that is a component of innate
immunity, which also may influence acquired immunity. Through both types of immunity,



Hp is involved in the pathogenesis of tumours and infections (Langlois MR and Delanghe JR
1996, Van Vlierberghe H. et al 2004, Levy AP et al 2010).

2. Haptoglobin (Hp) synthesis, gene structure, variants and its geographic
distribution

Haptoglobin locus is on chromosome 16q22 and its gene is transcribed and translated into a
single peptide which undergoes post-translational processing resulting in a smaller α-chain
and a longer β-chain linked by disulphide bridge (Giblett ER 1968, Langlois MR and Delanghe
JR 1996, Wicher KB and Fries E 2007).

In 1955, Smithies, using thin layer starch gel electrophoresis identified the three phenotypes
of Hp (1-1, 2-1, 2-2), corresponding to the α-chain length interindividual genetic variation.

The three genotypes are shown in electrophoresis in polyacrylamide gel electrophoresis
(PAGE) (fig 1).

This genetic variation results from an internal duplication of a gene segment (exons 3 and 4),
correspondent to α-chain of Hp1 giving rise to a larger one, characteristic of Hp2 (Maeda et
al 1984, Wicher KB and Fries E 2007).

 4

 

 

 

 
Free Haemoglobin   (Hb) 
 
 
 
 

Hp α 1 -Hb   
 

Hp α 2 –Hb polymers            

Figure 1. Typical pattern of haptoglobin bands in a polyacrylamide gel electrophoresis (PAGE). Shown are the pheno‐
types: Hp 1-1, is characterized by a fast migration band; Hp 2-2 is characterized by slower multiple bands; Hp 2-1,
characterized by a mixed pattern of two allelic forms. The ultrafast bands are no haptoglobin bound haemoglobin
chains (Linke RP 1984, Guerra J et al 1997).

This inter-individual variation is found only in humans and aroused about 100,000 years ago
in Southeast Asia. The great majority of other mammals have only one band corresponding to
the human Hp1-1, except the sheep, deer and cows (Ruminantia), which have only slow bands
corresponding to Hp2-2 (Bowman BH and Kurosky A 1982, Wicher KB and Fries 2007).

The appearance of Hp2 can represent an important evolutionary genetic contribution for
interpopulational diversity in human pathology (ER Giblett 1968, Maeda et al 1984, Wicher
KB and Fries 2007). This allele is predominant in the human population (about 80% in some
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ethnic groups) and Hp1 allele is more predominant in populations subjected to malaria burden
(Giblett ER 1968, Langlois MR and Delanghe JR 1996, Wobeto VP et al 2008, Levy AP et al
2010).

In close linkage with haptoglobin gene there is another one, 2-2 Kb downstream from Hp locus,
coding for Hp related (Hpr) plasma protein with 91% sequence identity to Hp1. The α-chain
of Hpr contains a hydrophobic signal peptide that may explain its association to lipoprotein
particles (HDL) or membranes (Kuhajda FP et al 1989 a, b).

3. Haptoglobin locals of its synthesis and regulation

The Hp gene is expressed primarily in hepatocytes and more recently has been described in
other locations, such as keratinocytes, airway epithelial cells of lung, leucocytes, fibrocytes,
adipocytes and endometrial cells, particularly during the blastocyst implantation (Friederichs
WE et al 1995, Olson EG et al 1997 Wang et al 2005, Shaw JL et al 2007, Yang F 2000 et al, Larsen
K et al 2006, and Theilgaard-Mönch K et al 2006).

Haptoglobin synthesis is induced by cytokines such as interleukin-6 (IL-6), interleukin-1 (IL-1)
and tumour necrosis factor (TNFα) released by the macrophages, after activation of the innate
immunity cells by PAMPs (pathogen associated molecular patterns) such as lipopolysacchar‐
ide, a TLR4 (Toll Like Receptor) activator (Raynes JG et al 1991, Kaisho T and Alkira S 2002).

Glucocorticoids and catecholamines activate haptoglobin synthesis previously induced by
interleukins (increased), whereas insulin exerts an opposite action, despite the presence of
these interleukins (Ron D et al 1990, Campos SP and Baumann H 1992 Nascimento CO et al
2004, Gruys E et al 2005 and XiaLi-xin et al 2008). Hypoxia also induces indirectly its synthesis
(Wenger RH et al 1995, Oh Mi-Kyung et al 2011).

4. Haptoglobin metabolism, actions and respective mechanisms

Haptoglobin has a pronounced anti-inflammatory action, which is explained by its ability to
bind to heme of haemoglobin, forming a Hp-Hb complex. This is characterized by stability
and high affinity to its specific type scavenger receptor (CD163) located in the hepatocyte and
the phagocytic-type cells such as circulating monocytes, resident macrophages (M2) and liver
Kupffer cells. The CD163 is a membrane protein 130-kDa, whose long extracellular region has
nine cysteine-rich domains of scavenger-type receptor (Graversen JH et al 2002, Nielsen MJ et
al 2010, Akila P et al 2012). The expression of receptors (CD 163), Hp and hemoxygenase (HO-1),
is strongly activated by antinflammatory cytokines, such as interleukins (IL6, IL10), growth
factors (M-CSF) and glucocorticoids (Moestrup SK and Møller H 2004). In contrast CD 163 is
down regulated by IL4 and GM-CSF, Interferon γ and TNF (Nielsen MJ et al 2010, Vallelian F
et al 2011 and Akila P et al 2012).

After binding to its receptor the Hp-Hb complex is internalized in the form of endosome,
followed by fusion with lysosomes, proteolysis of globin and intracellular release of heme to
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hemoxygenase (HO-1) with concomitant formation of biliverdin that is converted in bilirrubin,
CO (carbon monoxide) and release of iron to ferritin where is compartmentalised (Graversen
JH et al 2002, Nielsen MJ et al 2010, Vallelian F et al 2011, Akila P et al 2012).

The small protein Hp1-1 is excreted in the urine when occurs kidney damage, however, the
Hp2-1 and Hp2-2 are always retained (Fagoonee S 2005). The clearance of free haemoglobin
(Hb) after intravascular haemolysis by the haptoglobin is higher in individuals carrying the
Hp1 allele (Giblett ER 1968, Langlois MR and Delanghe JR 1996, Moestrup SK and Møller H
2004, Nielsen MJ et al 2010, Vallelian F et al 2011, Akila P et al 2012).

The free Hb has the ability to catalyse the formation of hydroxyl radicals (OH·), from the
hydrogen peroxide, with highly damaging effects to the cellular constituents and extracellular
macromolecules (Sadrzadeh SMH 1984, Gutteridge JMC 1987).

The Hp-Hb complex, reduces the loss of Hb in urine and concomitant loss of iron and its
transport is done mainly to the liver. As a result, the removal of free Hb has much important
consequences for the organisms, preventing renal injury that may occur when the free Hb
passes through the glomerular filter (Fagoonee S et al 2005). Also Hp prevents the promotion
of free radicals and its accumulation in endothelial cells, catalysed by heme, where it causes
vessel injury (Nielsen MJ et al 2010, Vallelian F et al 2011 and Akila P et al 2012). However, there
is a great variability in these responses, which is dependent of Hp polymorphism having
individuals with the Hp2-2 a lower antioxidant capacity than those with other phenotypes.
Furthermore at the extra-vascular interstitial level, the antioxidant capacity of carriers of Hp2-2
is lower, because of its higher molecular mass that restricts its extravascular diffusion (Langlois
MR and Delanghe JR 1996, Van Vierberghe et al 2004, Fagoonee S. et al 2005, Levy AP et al 2010).

Levels of haptoglobin in plasma or serum are lower in healthy infants than adults whose
concentrations are between 0.38 and 2.08g/l (Langlois MR and Delanghe JR 1996). These steady
state levels are consequence of haptoglobin half-life of 3.5 days and Hp-Hb complex of ten
minutes (Sadrzadeh SMH and Bozorgmehr J 2004). The Hp can also be detected in urine and
other organic fluids (Langlois MR and Delanghe JR 1996, Sadrzadeh SMH and Bozorgmehr J
2004). The half-life of Hp-Hb complex is phenotype dependent being Hp1-1 shorter than Hp2-2
(Levy AP et al 2010). Plasma concentrations are also phenotype dependent, people with Hp1-1
having the highest, Hp2-1 intermediate and Hp2-2 lesser concentrations in plasma (Langlois
MR and Delanghe JR 1996).

Haptoglobin levels are quantified by chemical and immunochemical methods, from these the
most utilised are the immunonephelometric and immunoturbidimetric methods that are
automated (Langlois MR and Delanghe JR 1996, Sadrzadeh SMH and Bozorgmehr J 2004).

The haptoglobin polymorphism is most commonly determined by starch or polyacrylamide
electrophoresis (Fig 1). When plasma levels are lower than 0.10g/l PCR based assays are utilised
(Linke RP 1984, Langlois MR and Delanghe JR 1996, Guerra A et at 1997, Levy AP et al 2010).
More recently in both, levels measurement and phenotype, are utilised new proteomic
methods based on two dimensional gel electrophoresis and quantitative determination by
mass spectrometry (MALDI-TOF-MS and SELDI-TOF-MS) methods (Gast M-C et al 2008, Chen
C-B et al 2008).
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The Hp-Hb complex also binds nitric oxide or nitrogen monoxide (NO), produced by cytokine
activated macrophages, thus preventing their physiological and pathological actions (Langlois
MR and Delanghe JR 1996, Azarov I et al 2008, Alayash A 2011). Also this action is phenotype
dependent, because Hp2-2/Hb complex scavenge more NO than Hp1-1/Hb due to its longer
half-life (Azarov I et al 2008, Levy AP et al 2010, Alayash A 2011).

The Hp is also a potent endogenous inhibitor of prostaglandin synthesis, resulting in anti-
inflammatory action. The inhibitory effects of Hp2-2 and Hp2-1 are less pronounced than those
of Hp1-1 (Kendall PA et al 1979, Langlois MR and Delanghe JR 1996, Saeed SA et al 2007).

Haptoglobin has also bacteriostatic effects, because the capture and compartmentalization of
the iron of Hb made it no longer available for bacterial growth. The Hp 2-2 is more efficient
than the other phenotypes in this action against Streptococcus. There are also microorganisms
that can remove iron from the Hp-Hb complex (Langlois MR and Delanghe JR 1996, Weinberg
ED 1996, Van Vlierberghe et al 2004).

The role of Hp in angiogenesis has been identified as one of the factors for modulation of
differentiation and proliferation of endothelial cells during the formation of new vessels (Cid
MC et al 1993, Park SJ 2009). Free Hb can promote indirectly carcinogenesis through the iron
that is necessary for cell growth. The withholding of iron inhibits cell growth and depresses
the immune system (Langlois MR and Delanghe JR 1996, Weinberg ED 1996).

The local increased concentration of Hp in chronic inflammatory processes is important for
the ischemic tissue reparation, promoting collateral vessel formation. Of the three genetic
forms Hp2.2 is the most angiogenic (Cid MC et al 1993).

In resident tissues macrophages (M2 type), carbon monoxide (CO) resulting from the intra‐
cellular degradation Hp-Hb complex appears to be involved in anti-inflammatory effects of
interleukin 10 (IL-10). The suppression of these immune and inflammatory responses results
from its ability to decrease the antigen presentation and cytokine synthesis. This mechanism
of regulation is more active in patients with the Hp1-1 phenotype that has a greater clearance
of their complexes with their CD163 receptors present on monocytes, than for those carrying
the phenotype Hp2-2 (Nielsen MJ et al 2010, Vallelian F et al 2011 and Akila P et al 2012).

In macrophages, after the endocytosis of the Hp-Hb complex and CD163, increased levels of
cytoplasmic iron ocurr, inducing the synthesis of ferritin, a primary iron storage, which can
subtract it from inflammation site (Cozzi et al 2004). The activation of the CD 163 also induces
a signal mediated by protein tyrosine kinase, leading to the secretion of anti-inflammatory
cytokines and giving rise to a connection between the clearance function of the Hp and their
immunomodulatory functions (Van Vlierberghe et al 2004, Guetta et al 2007, Nielsen MJ et al
2010, Vallelian F et al 2011 and Akila P et al 2012).

Haptoglobin can also modulate the immune response by binding to receptors on immune cells,
such as CD22 on B lymphocytes and β2 integrin (CD11b/CD18) in neutrophils or LFA-1
(lymphocyte function associated antigen-1) in T lymphocytes (EL Ghmati SM et al 1996,
Giannoni E et al 2003, Bottini N et al 2005). The Hp may bind to neutrophils, inhibiting NADPH
oxidase activation and the production of reactive forms of oxygen associated with inflamma‐
tion (Moestrup SK and Møller H, 2004, Guetta et al 2007).
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Changes of the ratio of lymphocytes Th1 and Th2 are important for the determination of
susceptibility to viral and parasitic infections, for allergies, for antitumor responses and
autoimmunity (Gleeson ME 2006, Clerici M et al 1998). It was shown that Hp plays a modu‐
lating role of the Th1/Th2 ratio, promoting a Th2 dominant response, which is more pro‐
nounced in patients with the Hp1-1 and 2-1 phenotypes (Bottini N et al 2005, Guetta et al 2007).

The objective of this chapter is to review the scientific evidence of haptoglobin role, as an
immune innate protein in the several aspects of cancer biology and its possible clinical
importance as a genetic and a circulating biomarker for that pathology.

The methodology for this review is based in the search in the literature of relevant studies in
cancer concerning both the circulating levels of haptoglobin (including the recent described
fucosylated glicans), haptoglobin related (Hpr) and the genetic variation studies, in the
Medline Data Bases and the related papers, since the first reports in the sixties of the last century
until actuality. A special attention will be a consideration of cancer associated with human
papillomavirus (HPV). The keywords used in the search will be haptoglobin, cancer genetics,
circulating levels and clinics.

5. Haptoglobin (Hp) and its related pathway as biomarkers in cancer

Genetic polymorphism of haptoglobin leads to its functional differences resulting in interin‐
dividual variation of the related intermediate phenotypes at the different biological levels that
can constitute circulating biological markers of clinical importance not only for the suscepti‐
bility but also for the prognostic and response to treatment at the diverse levels of natural
history of the neoplasia disease (Bicho MC 2011). We will review by organs and systems the
studies that evidence those aspects.

In table 1, we describe the association of Hp polymorphism in several populations with CNS
head and neck, lung, blood and skin malignancies.

For the central nervous system it was demonstrated that haptoglobin is transcribed and
expressed (proteomic methods) in human glioblastome cells and it is significantly associated
with greater plasmatic levels in the higher grades compared with lower ones and those of
control subjects (Sanchez DJ et al 2001, Kumar DM et al 2010). Also it was demonstrated that
Hp increases in vitro glioblastome cell migration (Kumar DM et al 2010), table 1.

Head and neck squamous cell cancer (HNSCC) is a term that collectively refers to cancer of
oral cavity, salivary glands, larynx and pharynx. After a first study the authors whose objective
is discovery of circulating biomarkers associated with those tumours, demonstrate in HNSCC
in general and nasopharynx in particular, the haptoglobin overexpression, in a stage and
tumour volume dependency (Chen C-B et al 2008, Lee CC et al 2009). Another group confirmed
the involvement of the Hp phenotype in infection with Epstein-Barr virus (EBV) that is
associated with nasopharynx carcinoma (Speeckaert R et al 2009).

In the eighties several studies of association with cancer of acute phase proteins in particular
haptoglobin were done, that is the case for the lung cancer in 309 Swedish patients where the
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Hp1 allele is more frequent in women with adenocarcinoma (Beckman G et al 1986). More
recently other group confirmed the association of local higher levels of the Hp l expression in
pulmonary adenocarcinomas in opposition to squamous cell carcinomas (SCC) and small cell
carcinomas (Abdullah M 2009).

There are five references for blood malignancies such as acute and chronic lymphoid leukemia
and acute myeloid leukemia from three different ethnic groups Sweden, Israel and Brazil
(Caucasians and Afro-descendants) and only one sample of Ashkenazy Jews (Germinis A et
al 1983, Nevo S and Tatarsky I 1986, Mitchell RJ et al 1988, Fröhlander N and Stendahl U 1988,
Campregher PV et al 2004).

Cutaneous malignancies and in particular squamous cell carcinoma (SCC)/Bowen´s disease
are more frequent in kidney transplanted patients, that are more prone to disease when are

Neoplasia
Population (N)

(Control/Neo)
Conclusions References

Human glioblastome
N=26/96

India
Hp2 allele higher grades

Sanchez DJ et al 2001;

Kumar DM et al 2010

Head/neck squamous

cell cancer
N=135/163 Hp2 allele tumour volume dependency Chen C-B et al 2008

N=134/49

Taiwan
Lee CC et al 2009

Nasopharynx

carcinoma

N=918/208

Belgium

Hp1-1 and Hp 2-1 less prone to positive EBV

serology
Speeckaert R et al 2009

Lung cancer N=309 Sweden
Hp1 allele more frequent in adenocarcinoma in

females
Beckman G et al 1986

Acute lymphoid

leukemia

N=2331/110

Sweden
No association

Fröhlander N and Stendahl

U 1988

Leukemias
N= 211

Israel
Associated Hp1-1 with ALL, AML, CML Nevo S and Tatarsky I 1986

Acute myeloid

leukemia

N=197/188

Brazil
Campregher PV et al 2004

ALL, AML, CML, IgA ML N=134 Australia Higher Hp 1-1 association
Mitchell RJ et al 1988

Germinis A et al 1983

Squamous cell

carcinoma (SCC)
N=300 Belgium

Hp phenotype 1.1 more prone to develop SCC

in kidney transplanted patients
Speeckaert R et al 2012

Kaposi´s sarcoma Hp1.1 phenotype more prone Speeckaert R et al 2011

Abbreviations: ALL-Acute lymphatic leukaemia; AML- Acute myeloid leukaemia; CML- Chronic myeloid leukaemia; CLL-
Chronic lymphatic leukaemia; ML- Myeloma.

Table 1. Haptoglobin and Cancer: Various Tumours.
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carriers of Hp 1.1 phenotypes particularly after ten years of the transplantation (Speeckaert R
et al 2012). The same happens in the development of Kaposi´s sarcoma in HIV positive patients,
even after adjustment for age, gender and AIDS status (Speeckaert R et al 2011).

Tumours of gastrointestinal tract where also studied and the single reference to haptoglobin
polymorphism in colon cancer refers to one association in 184 Greek patients of Hp1-1
phenotype (Archimandritis A et al 1993), table 2.

More recently it was shown that Hp is produced in a large molecular complex with the beta
chain of urokinase in cancer cells as well as in capillary endothelial cells (Harvey S et al 2009).
This cancer-associated glycoform of Hp (β-chain) is a ligand for Galectin-3, a beta-galactoside
binding protein implicated in tumour progression and metastases of colorectal cancers
(Bresalier RS et al 2004).

Neoplasia
Population (N)

(Control/Neo)
Conclusions References

Colon cancer
N=2026/184

Greece
Association of Hp1-1 phenotype Archimandritis A et al 1993

Gastric cancer
N=104/100

India
Risk for Hp2-2 carriers Jayanthi M et al 1989

N=114/2026

Greece
No association Theodoropoulos G et al 1992

Oesophageal cancer Higher risk for Hp2-1 phenotype Jayanthi M et al 1989

Pancreatic cancer
N=11/11

China
Frequency of Hp 2-2 is higher Deng R et al 2007

Table 2. Haptoglobin and Cancer: Digestive Tumours.

Geographic differences have been reported regarding the influence of the Hp alleles in cancer
risk. In India, where the frequency of Hp2 allele is high at the population level (84%) the risk
for gastric cancer of the Hp2-2 phenotype carriers is 4.04 and the risk for oesophageal is 3.86
for Hp2-1 phenotype carriers (Jayanthi M et al 1989). On the contrary in another geographic
localization (Greece) a study of a similar number of gastric carcinoma patients didn’t show
any difference for the same polymorphism (Theodoropoulos G et al 1992).

Deng R et al demonstrated in 2007 that, in pancreatic carcinoma patients, the frequency of Hp
2-2 is higher compared with chronic pancreatitis patients and normal controls. Haptoglobin
of these patients is not elevated in serum, but it is abnormally fucosylated in β-chain that has
four N-glycans sites, the same happens but not so extensively in hepatocellular, gastric and
colorectal carcinomas. The fucosylation of Hp seems to be induced by a factor secreted by these
tumours itself (Nakano et al 2009, Miyoshi E, Nakano M 2008)

Early references of the distribution of haptoglobin polymorphism in Greek patients with
prostate carcinoma compared with prostate benign hypertrophy (BPH) patients failed to
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demonstrate any association (Germenis A et al 1983, Dimopoulos MA et al 1984). These results
were consistent with a recent report from an association study realized in an African popula‐
tion where the Authors didn´t also demonstrate any association of the Hp polymorphism with
PSA (Prostate Specific Antigen) and prostate cancer patients survival (Mavondo GA et al 2012).
However there were demonstrated higher circulation levels of monoclonal antibodies against
glycosyl epitopes presents in the beta chain of Hp in prostate carcinoma compared with BPH
that decreased after radical prostatectomy (Saito S et al 2008), table 3.

Serum levels of haptoglobin were elevated in kidney and bladder cancer concomitantly with
a metabolite of Prostaglandin F2α, however only in bladder cancer was demonstrated in 264
Germans a statistically significant lower frequency of Hp2-2 genotype (Dunzendorfer U et al
1981; Bemkman HG et al 1987).

Neoplasia
Population (N)

(Control/Neo)
Conclusions References

Prostate cancer N=155/115

Greek patients

Failed to demonstrate any Hp

association

Germenis A et al 1983; Dimopoulos MA

et al 1984

N=122/74

Africa, Botswana

Zimbabwe

Any association of the

polymorphism with PSA and

survival

Mavondo GA et al 2012

Bladder cancer N=264

Germany

Lower frequency of Hp 2-2 Benkman HG et al 1987

Table 3. Haptoglobin and Cancer: Urological Tumours.

For breast cancer despite consistency of overrepresentation of Hp 1 allele in three earlier
studies (Tsamantains C et al 1980, Kaur H et al 1984, Bartel U et al 1985) and only one negative
study (Hudson BL et al 1982) a more recent study demonstrate that Hp phenotype distribution
in patients is family history-dependent. For these authors the frequency of Hp 1-1 and Hp 2-1
phenotypes is higher in the familial group and the opposite for the no familial group (Awa‐
dallah S and Atoum MF 2004). Moreover, in the recent study whose objective was to search
for circulating proteins, predictive of recurrences and free survival of high risk primary breast
cancer, with proteomic techniques (SELDI-TOF-MS) the authors, based on disturbances of iron
(low levels of ferritin light chain is associated with good prognosis), identified Hp 2 allele as
risk factor, nonetheless validated in an independent, sample and technique group of patients
(Gast M-C W et al 2008). Also, it may have clinical important value, as a biomarker for
recurrence in early breast cancer patients, the haptoglobin related (Hpr) protein in tissues and
plasma (Kuhajda FP et al 1989 a-b).

The first references from the sixties of the last century about gynaecologic tumours indicate
contradictory results between the authors when they were analyzed as a whole in what
concerns to the frequency of Hp1 allele (Larkin MF 1967, Milunicova A et al 1969). However,
a posterior reference of Bartel U et al 1985 confirms a higher Hp1-1 genotype frequency in 246
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German patients with gynaecological and breast tumours. When only ovarian cancer samples
were considered, two references, one Polish and another Swedish, indicate they are associated
respectively with Hp 1 allele and Hp2-1 phenotype in patients with family history (Dobrys‐
zycka W and Wavas M. 1983, Fröhlander N and Stendahl U 1988).

Cervical neoplasia is a good model that illustrates haptoglobin and its polymorphism influence
in the several steps of its natural history interacting with oncogenic and non-oncogenic HPV
(Human Papillomavirus) and other co-factors such as sexual steroid hormones and smoking
habits (Bicho MC 2011).

Preliminary reports on the role of this haptoglobin polymorphism in the development of
cervical cancer were conflicting, with two authors (Milunicova and Bartel) indicating that Hp1
allele carriers were at risk of cancer development. In opposition, Larkin et al report the Hp2
allele as the most represented in their cervical cancer cases (Milunicova A et al 1969, Bartel U
et al 1985 U, Larkin M 1967). Those reports were published previous to the, nowadays
confirmed, association of oncogenic HPV types as the primary etiologic factor of cervical cancer
and the HPV effect was not evaluated in the control populations. However, HPV is a necessary
but not a sufficient cause of cervical cancer and it is also important the presence the other co-
factors host related. One of these co-factors can be the immune response of the host. It has been
proposed a role for haptoglobin a one of such co-factors (Mahmud SM et al 2007, Bicho MC et
al 2006 and 2009).

In the case control study conducted in Canada (307 cases vs 358 control women), Mahmud et
al examined the association of Hp phenotype with high grade cervical intraepithelial neoplasia
(CIN III), a precursor lesion of invasive carcinoma (ICC). The control group had to present a
normal cytology and HPV genotyping was performed to evaluate the HPV oncogenic type
status. Accordingly, only when the risk analysis is restricted to the HPV positive women, an
association was observed and Hp 1-1 carriers have almost a threefold increased susceptibility
to the development of CIN III (OR=2.7, 95% IC: 1.0-7.2) (Mahmud SM et al 2007). In a recent
study, we report an increased susceptibility for women that are Hp 1-1 carriers to develop ICC
(OR=4.62, 95% IC: 1.86-11.48) (Bicho MC 2011). These results are consistent with another study
performed in a different geographic localization (Ghana) and indicating a significant protec‐
tive effect for the Hp2 allele in homozygous women (Quaye IK et al 2009). In another report,
we studied the influence of Hp polymorphism on the risk for the development of HSIL and
ICC (n=196) under the influence of sex steroid hormones. We found that the risk for an
interaction is proportionally higher with the number of Hp 1 allele presents (Bicho MC et al
2009). However, when the interaction between Hp polymorphism with smoking habits was
studied the Hp 2 allele in homozygoty increased the risk to develop HSIL and ICC (Bicho MC
et al 2006).

6. Discussion

During the first thirty years (from the sixties to nineties of the last century) of cancer association
studies, genetic blood markers, including haptoglobin were concomitantly studied with
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descriptive studies of allele distribution in the different populations (Giblett ER 1968, Langlois
MR and Delanghe JR 1996, Wobeto VP et al 2008, Levy AP et al 2010). These preliminary reports
usually were cross-sectional case control studies, that didn’t enter in consideration with the
biological plausibility in cancer linked to the genetic variation. Diverse geographic regions,
with very different distribution of alleles, various genetic variations backgrounds and above

Neoplasia
Population (N)

(Control/Neo)
Conclusions References

Breast cancer
N=109

Greece

Overrepresentation of Hp 1

allele
Tsamantains C et al 1980

N=50/50

India

Overrepresentation of Hp 1

allele
Kaur H et al 1984

N=246

Germany

Overrepresentation of Hp 1

allele
Bartel U et al 1985

N=129/200

Jordania
Higher frequency of Hp 1 allele Awadallah S

Familial (N=42)

Non familial (N=86)

Higher frequency of Hp 1 and

Hp 2 alleles
Atoum MF 2004

USA No association Hudson BL et al 1982

N=371

USA
No association Gast M-C W et al 2008

Ovarian cancer
N=114/132

Polland
Associated Hp 1 allele

Dobryszycka W and Wavas M.

1983

N=182

Swedish

Associated Hp2-1 phenotype

with family history
Fröhlander N and Stendahl U 1988

Cervical cancer
N=170/85

Checoslovakia
Hp1 allele carriers at risk Milunicova A et al 1969

N=430/526

Germany
Hp1 allele carriers at risk Bartel U et al 1985

N=430/526

USA

Hp2 allele as the most

represented
Larkin M 1967

N=358/307 Canada
In HPV positive women, risk for

Hp 1-1 is higher CIN III
Mahmud SM et al 2007

N= 396/196

Portugal

In ICC women the risk for Hp

1-1 carriers is greater in steroid

hormone ingestion

Bicho MC 2011

N=120/60

Ghana

Protective effect of the Hp2

allele in homozygoty
Quaye IK et al 2009

Table 4. Haptoglobin and Cancer: Gynaecological Tumours.
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all have different environments that interacts with genomes to give highly variable pheno‐
types, may explain controversial results.

Moreover, the lack of reproducibility of the several studies may also reflect methodological
differences in the criteria of case definitions and selection of controls, and in what concerns to
the influence of environment of factors such as microbiological (HPV, EBV, M. tuberculosis,
H. Pylori, Plasmodia), smoking habits, sun exposition, xenobiotic and sex steroid hormones
(Beckman G et al 1986, Benkmann HG et al 1987, Bicho MC et al 2006 and 2009, Mahmud et al
and 2007, Abdullah M et al 2009, Speeckaert R et al 2011 and 2012).

The usual cross-sectional approach of these studies didn´t take into account the somewhat
different influences of the genotypes on the natural story of the cancer that courses in multistep
way (Zur Hausen H 2002). The great majority of the studies were done in patients with distant
phenotypes (advanced stage cancer) and take not in consideration the subclinical disease. This
isn´t evidenced in those times by lack of knowledge of physiopathology and lack of reliable
biomarkers (circulating and imaging) that gives a more dynamic picture of the situation.

It was not common, the realization of measurements of serum and plasma levels of the Hp
independently of phenotype in part due too time consuming of the technics (Langlois MR and
Delanghe JR 1996). In these cases, not even the local processes are reflected in circulation but
also it is demonstrated the existence of a local tissue environment in what Hp functions in
paracrine and autocrine way (Yang F et al 2000, Xie Y, et al 2000, Sharpe-Timms et al 2002, Wang
H et al 2005, Shaw JLV et al 2007).

The natural history of cervical cancer seems to be dependent of genetic polymorphism of
haptoglobin in its interaction with HPV and cofactors such as sex steroid hormones and
smoking habits (Bicho MC et al 2006 and 2009, Mahmud et al and 2007).

Also there are reports of the different influences of Hp alleles in a context of familiar history
for the breast and ovarian cancers (Fröhlander N and Stendahl U 1988, Awadallah S and Atoum
MF 2004).

For the clarification of these issues a better knowledge of the physiopathology mechanisms of
action of the Hp alleles is necessary.

Haptoglobin as a pleiotropic protein has several different functions being the Hp1 allele and
correspondent genotypes Hp1-1 and Hp1-2, the more represented in the several cancers
reviewed. The innate immune response of the host against the tumour is limited in the subject’s
carriers of the Hp1 allele through several mechanisms, already reviewed.

It is accepted, in this pathway, the role of Hp-Hb, CD163, HO-1, CO, bilirubin, activation of
anti-oxidant intracellular systems (including ferritin), and extrusion of iron through ferropor‐
tin. This pathway is characteristic of immunosuppressive tumor macrophages M2 types that
are more active in Hp1 carriers inducing a switch for a Th2 antinflammatory cytokine profile
characteristic of lesser Th1 type cytotoxic immune antitumor mechanisms (Van Vlierberghe
et al 2004, Guetta et al 2007, Nielsen MJ et al 2010, Vallelian F et al 2011 and Akila P et al 2012).

This switch can be also dependent of a stronger acute phase response characteristic of Hp1
carriers that can modulate immune cells activity after binding of Hp to its receptors CD22, β2
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integrin and LFA located respectively in B cells neutrophils and T cells (EL Ghmati SM et al
1996, Giannoni E et al 2003, Bottini N et al 1999 and 2005, Arredouani MS et al 2005, Lu JY et
al 2007). A third mechanism can be the interaction of environmental factors such as sex steroid
hormones and glucocorticoids that activates predominantly Th2 arm of acquired immunity in
synergy with Hp1 allele as happens in cervical cancer (Gleeson M 2006, Bicho MC et al 2009,
Akila P et al 2012).

An increased prevalence of Hp 2-2 genotype is observed in some tumours leading to the
hypothesizes of haptoglobin involvement in the mechanisms associated with the carcinogen‐
esis and tumorigenesis of the chronic inflammation (head and neck carcinomas, glioblastome,
gastric carcinoma).

The lower antioxidative capacity and inhibition of prostaglandin synthase associated to the
genotype Hp 2-2 are the best known explanatory mechanisms (Wen WN et al 2001, Saeed SA
et al 2007). Indirect effects of prostaglandins on carcinogenesis are mediated through the
stabilization of HIF1α and the resultant expression of angiogenic factors like EPO (erythro‐
poietin), VEGF (vascular endothelial growth factor), that have synergic effects with Hp2-2 (Cid
MC et al 1993, Liu XH et al 2002, Acs G et al 2003, Ye YN et al 2004, Mihailović M et al 2005,
Palayoor ST et al 2009, Park SJ 2009).

Another mechanism involved is the withholding of iron in macrophages that is necessary for
the proliferation of immune cell (Touitou Y et al 1985, Weinberg ED 1996, Cozzi A et al 2004).

The effects of smoking habits are modulated by Hp2-2, because the effects in the nicotine down
regulation of haptoglobin expression and also the effects of CO producing local hypoxia and
the immune depression (Ye YN et al 2005).

7. Perspectives

More studies are necessary to complete our understanding about the role of this important
acute phase protein, its levels variations, particularly the fucosylated isoforms and its regula‐
tion, the Hpr and its polymorphism and its immunomodulation role in cancer. Finally, future
studies may focus in the importance of haptoglobin polymorphism conducting to a pharma‐
cogenetic approach to chemoprevention.
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1. Introduction

Serum amyloid A (SAA) is a multi-gene family consisting of highly conserved protein
sequences that are known to cluster on chromosome 11 in humans [1] and chromosome 7 in
mice [2]. The acute-phase proteins SAA1 and SAA2 (mass of ~12 kDa, 104 amino acids) share
> 93% identity in primary sequence structure, are secreted predominantly by hepatocytes and
are induced by a broad spectrum of inflammatory cytokines [3]. Extra-hepatic production of
acute-phase SAA occurs in many organs and tissues of body including vascular smooth muscle
cells and endothelial cells (EC) that are also capable of secreting SAA [4, 5]. By contrast, SAA4
is a glycosylated form that is constitutively produced in a wide range of (histologically) normal
tissues and cells [6]. The final isoform, SAA3, is a pseudogene that is not transcribed in humans
[1]. In rodents, SAA3 is a functional protein that is expressed in extra-hepatic cells, such as
macrophages and adipocytes in response to prolactin or lipolysaccaride (LPS) stimuli thereby,
contributing to local inflammation in adipose tissues [7, 8].

Rapid production of SAA in response to the host inflammatory reaction results in plasma levels
increasing up to 1,000-fold under some conditions [9]. This marked increase in circulating SAA
is linked to the induction of inflammatory cascades that are characterized by local vascular,
systemic and multi-organ responses [10, 11]. A wealth of epidemiological and biological
research suggests that SAA is also associated with chronic inflammatory conditions such as
cardiovascular diseases (CVD) and atherogenesis [12-14]. For example, significantly elevated
levels of SAA are evident at different stages of atherosclerosis [15, 16], which, to some extent,
echoes a sustained acute-phase response leading to the chronic production of SAA. In fact,
SAA is proposed as a potential regulator of inflammation and endothelial dysfunction,
implicating adverse outcomes that complicate CVD [4]. SAA is also synthesized in extra-



hepatic tissues and involved in human carcinoma growth and metastases suggesting SAA
could participate in tumor development [14] through stimulating pro-angiogenic factors.

The association of circulating SAA with high-density lipoprotein (HDL) is well described with
the majority of SAA incorporated as an HDL apolipoprotein [17]. Recent research has focused
on the influence of SAA on HDL structure and function (i.e., anti-inflammatory and antioxidant
activities of the lipoprotein), including the impact of SAA on HDL's role in reverse cholesterol
transport.

2. General pro-inflammatory/pro-thrombotic responses to SAA

SAA may represent a useful clinical marker of acute and chronic inflammation [18]. Similar to
the biomarker C-reactive protein (CRP), SAA increases in the blood of patients with various
inflammatory conditions. A growing body of research supports the notion that SAA is a potent
and rapid inducer of cytokines, monocyte tissue factor (TF) and tumor necrosis factor-α (TNF-
α) in human peripheral blood mononuclear cells (PBMC) and THP-1 monocytoid cells within
a short period of exposure [19-22]. Initially, this SAA-stimulated cell activation is limited to
the local sites of the inflammation. However, upon activation of macrophages, a range of
primary inflammatory mediators are released, the most important of which are members of
the IL-1 and TNF families of cytokines. These in turn cause the release of secondary cytokines
and chemokines (e.g, IL-6, IL-8 and MCP-1) from local stromal cells [4, 23]. The chemotactic
activities of these chemokines recruit leukocytes such as neutrophils to the inflammatory site,
where they in turn provoke a sustained pro-inflammatory cascade that involves local produc‐
tion and release of other cytokines [10,23].

As indicated, SAA stimulation of PMBCs causes a marked increase in the secretion of cytokines
including IL-1B, MCP-1, IL-6, IL-8, IL-10, GM-CSF, TNF and MIP-1α with reports of up to
25,000-fold increase compared to baseline levels measured in isolated monocytes / macro‐
phages and lymphocytes [20]. In addition, SAA strongly induces the potent pro-coagulant
protein TF, and this activity manifests as an inflammatory-associated thrombosis that also
impairs endothelial function. The release of SAA into the circulation in subjects with estab‐
lished coronary artery disease (CAD) may play a role in promoting cardiovascular events since
SAA stimulates the expression of TF and TNF in isolated PBMCs [20, 21]. Given the nature of
TNF itself as a mediator of inflammatory and its co-localization to atherosclerotic lesions, and
TF as a potent pro-coagulating factor, then the concomitant release of these factors is likely to
represent a central feature in the pathogenesis and clinical complications associated with
developing CAD.

An increase in the circulating levels of SAA may enhance TF expression [24]. Studies have
demonstrated that TF binds instantly to TF activated factor VII (FVIIa) yielding a complex that
serves as a fuse to facilitate blood coagulation by generating thrombin [24]. Furthermore,
activated FVIIa stimulates TF provoked factor VII, IX and X, a secondary cascade that ulti‐
mately leads to more thrombin formation [24, 25]. In addition to a direct stimulating effect on
TF, SAA also acts on vascular EC to modulate TF pathway inhibitors through a mechanism
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involving mitogen-activated protein kinase (MAPK) and the transcription factor, nuclear
factor kappa beta (Nfκβ) [25]. Activation of MAPK and Nfκβ) are central to the induction of
cytokines by SAA [26, 27].

3. Response of endothelial cells to SAA

A functional endothelium is vital to the maintenance of vascular homeostasis [28]. The primary
function of the vascular endothelium is to act as a barrier that regulates vascular permeability
to plasma constituents and inhibits platelet and leukocyte adhesion and aggregation as well
as infiltration, and finally, regulates thrombosis [29]. Thus the vascular EC is crucial for
maintaining vascular tone, fluidity, coagulation, and inflammatory responses [30]. Under
normal physiological conditions, vascular homeostasis is controlled by potent mediators such
as nitric oxide (NO), prostacyclin-2 and endothelin-1 as well as local angiotensin II activity [31].

Endothelial dysfunction occurs before the appearance of the first morphological signs of
atherosclerosis and is a precursor of atherogenesis [32], therefore endothelial dysfunctional
can predict the extent of CVD [33]. Redox regulation of intracellular signaling has been
implicated as a factor that impacts on endothelial activation [34]. For example, redox modu‐
lation of endothelial nitric oxide synthase (eNOS) gene expression, transport of the active
dimeric form of eNOS to the cell membrane by lipid rafts and/or eNOS activity can in turn
have downstream effects on NO bioavailability and signaling [35]. Decreases in eNOS activity
may contribute to endothelial dysfunction by impairing endothelium-dependent vasorelaxa‐
tion. Alternatively, decreased production of NO can activate other mediators that play
important roles in atherogenesis [Reviewed in 36, 37].

Once the balance of vascular homeostasis is compromised the vascular endothelium under‐
goes a phenotypic change associated with increased expression of intracellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-selectin, and pro-
inflammatory cytokines such as TNF-α, IL-1, IL-6, IFN-γ together with pro-thrombotic factors.
Under these conditions the formation of reactive oxygen species (ROS) is increased and this
can impact on vascular tone that is susceptible to oxidative stress via a range of mechanisms
[29, 31]. For example, the stability of eNOS and production of NO is directly affected by ROS.
Indeed, oxidative events have featured in many studies of impaired NO bioactivity [38] and
endothelial dysfunction, which in turn impacts on other cardiovascular risk factors such as
hypertension [39], diabetes [40] and rheumatic autoimmune diseases [32].

Studies have shown that SAA also promotes both monocyte chemotaxis and adhesion to the
vascular endothelium [5, 41], thereby regulating the recruitment of leukocytes to the inflamed
endothelium [42]. During this process SAA promotes the production of other pro-inflamma‐
tory cytokines and chemotactic molecules, which cause endothelial dysfunction and ultimately
lead to atherosclerosis and other related CAD. In support of this idea it is found that SAA co-
localizes within microtubules of human coronary artery EC (HCAEC) [43]. Previous work from
our group [44] has confirmed that SAA stimulates EC production of TF and Nfκβ gene
expression as well as cytokines such as IL-6, IL-8, and MCP-1 that in turn impair NO bioactivity
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[44]. For example, exposure of isolated thoracic aortic vessels to SAA (1-25 µg/mL) decreases
vascular relaxation in response to the endothelium-dependent vaso-dilator acetylcholine
(ACh) (Fig. 1A), whereas endothelium-independent vaso-relaxation to s-nitrosopenicillamine
(SNP) remained unaffected by SAA (Fig. 1B). A similar study by Wang and co-workers has
reported that clinically relevant concentrations of SAA causes endothelial dysfunction in both
porcine coronary arteries and HCAEC by down regulation of eNOS, activation of JNK and
ERK1/2 as well as Nfκβ [45]. This mechanism is consistent with a study indicating that
inhibitors of MAPK and Nfκβ markedly decreased SAA-stimulated pro-inflammatory
cytokines secretion from HEK293 cells [27]. Taken together these combined data demonstrate
that SAA enhances stimulates ROS production in cultured EC [47].

Reactive species such as superoxide radical anion (O2
•−), lipid (per)oxidation products and the

potent oxidizing agent peroxynitrite are all implicated in endothelial activation and impaired
NO signaling. Therefore, SAA-stimulation of ROS production is a possible mechanism to
explain impaired endothelial function [44, 48]. In agreement with this hypothesis, exposure of
cultured EC to SAA (added at a final concentration of 10 µg/mL) reduces NO accumulation in
HCAEC stimulated with ACh, whereas human serum albumin (HSA), that is not known to
affect EC production of NO, has no effect (Fig. 2). Interestingly, pre-incubating HCAEC with
HDL (50 - 200 µg/mL) before addition of SAA restores NO accumulation in response to ACh,
and this is dependent on the dose of HDL (Fig. 2) [44]. Moreover, these data indicate that the
ratio of SAA-to-HDL might be critical to assessing SAA’s effect on the vascular endothelium.

Figure 1. SAA inhibits endothelium-dependent, but not endothelium-independent, relaxation. Aortic rings were
incubated with SAA at 1 (inverted triangles), 5 (diamonds), 10 (circles), or 25 μg/mL (solid squares); the soluble guany‐
late cyclase inhibitor ODQ [46] (used as a positive control, hatched square); or vehicle (control, open squares) for 4 h at
37 °C. Rings were washed and constricted with phenylephrine and then dilated by adding (A) ACh or (B) SNP at the
concentrations indicated. Data represent means ± SD (n=6 rings from independent animals except for vessels exposed
to 25 μg/mL SAA, n=5 rings from independent animals). *Different to the control in the absence of SAA; P < 0.05. The
figure was reprinted from Ref [44] with permission from the Publisher.
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Figure 2. SAA decreased acetylcholine-induced NO accumulation in HCAEC. HCAECs were pretreated in serum-
free-medium containing vehicle (control), SAA (10 μg/mL), or human serum albumin (HSA; 1 mg/mL). After 4 h cells
were harvested, resuspended in HPSS (~4×106 cells/mL) containing 100 μM Arginine and stimulated with 1 μM ACh.
Changes in NO evolution were monitored with an NO electrode. Freshly isolated HDL (50 - 200 μg/mL) added 30 min
before incubation with SAA inhibited the action of the acute phase protein. Total nitrite was determined in the medi‐
um after incubation with nitrate reductase / NADPH. HDL1, 50; HDL2, 100; and HDL3, 200 μg/mL in protein, respec‐
tively. Data represent n=3 HCAEC preparations. Figure reprinted from Ref [44] with permission from the publisher.

Previous studies have identified NADPH-oxidase as a significant source of O2
•− in various cell

types, in addition to other potential sources such as uncoupled eNOS, xanthine oxidase,
mitochondria and cytochrome p450 [38, 47, 49, 50]. The data shown in Fig 3 demonstrate an
enhanced yield of O2

•− after stimulation of cultured HCAEC with added SAA. This increase is
inhibited by the pharmacological agents diphenyliodonium (DPI) and apocynin (that target
NADPH oxidase) or polyethylene glycated SOD-1-conjugate (PEG-SOD) that binds to the cells
and promotes O2

•− dismutation [51]. Pre-incubation of cells with HDL (final concentrations
200 and 100, but not 50 µg/mL) reversed SAA-induced responses, again indicating that the
SAA-to-HDL ratio is a determinant of SAA-mediated endothelial dysfunction [44].

Other ROS derived from the uncontrolled production of O2
•−, such as hydrogen peroxide

(H2O2) and hydroxyl radical (.OH) can also affect endothelium-dependent contractile respons‐
es [52]. For example H2O2 can promote vascular constriction [53] and its ability to readily cross
cell membranes underlies its ability to stimulate matrix metalloproteases (MMP) in the
vascular wall [54]. Another example of O2

•−-derived ROS is.OH that is implicated in endothelial
dysfunction associated with diabetes [55]. Therefore, exposure of the vascular endothelium to
SAA can lead to uncontrolled production of multiple ROS that impact on EC function.
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Mounting evidence suggests that ROS are key mediators of vascular inflammation and
atherosclerosis [45, 56]. The documented ability of SAA to initiate the production and release
of pro-inflammatory cytokines is further supplemented by studies that show SAA can
propagate ROS production in rabbit aortic EC [48].

SAA (10 g/mL)        - +      +     +     +     +     +     +      +
HDL (200 g/mL)      - - +     - - +     - - -
HDL (100 g/mL)      - - - +     - - - - -
HDL (50 g/mL)        - - - - +      - - - -
Washout                - - - - - +      - - -
PEG-SOD (500 U/mL)     - - - - - - +      - -
DPI (10 M)          - - - - - - - +      -
Apocynin (250 M)    - - - - - - - - +             

SAA (10 g/mL)        - +      +     +     +     +     +     +      +
HDL (200 g/mL)      - - +     - - +     - - -
HDL (100 g/mL)      - - - +     - - - - -
HDL (50 g/mL)        - - - - +      - - - -
Washout                - - - - - +      - - -
PEG-SOD (500 U/mL)     - - - - - - +      - -
DPI (10 M)          - - - - - - - +      -
Apocynin (250 M)    - - - - - - - - +             

Figure 3. Increased O2
•− production in SAA-stimulated HCAEC. HCAEC (1–2 ×106 cells) were treated with 2 μM ace‐

tylated ferric cytochrome c, SAA (10 μg/mL) was added, and PEG-SOD-inhibitable ferric cytochrome c reduction was
monitored at 550 nm. Other HCAEC were incubated with 200, 100, or 50 μg HDL/mL for 30 min, then HDL was left in
the well or was thoroughly washed out before SAA addition. Other cells were pre-incubated with 10 μM DPI or 250
μM apocynin before SAA stimulation. Data represent means ± SD; n=4 experiments. * Different to unstimulated cells;
P<0.05. # Different to HCAEC treated with SAA; P < 0.05. ** Different to the corresponding cells with HDL present;
P<0.05. Data represent n=3 experiments. Figure derived from Ref [44] with permission from the Publisher.

Uncontrolled ROS production coupled with impaired antioxidant enzyme activity such as
SOD, catalase and glutathione peroxidase (GPx) [57], may also contribute to SAA-mediated
EC activation. Further studies implicate P38, JNK/Erk and angiotension II pathways in the
deterioration of endothelial function [58, 59]. Overall, the underlying mechanisms implicated
in SAA-mediated endothelial dysfunction are multifactorial and include the damage to the
NO/eNOS system [45]; enhanced O2

•− production in response to ACh [44], increases in Arg-1
expression [44], and the deficiency of antioxidant systems [53, 57, 60]. Regulation of argi‐
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nase-1/2 is linked to the up-stream expression of TNF that is induced by SAA and itself
promotes vascular dysfunction by decreasesing the pool of substrate available to eNOS [61].

4. SAA and atherosclerosis

Atherosclerosis may be considered as a chronic inflammatory disease [38]. Circulating SAA
levels increase in subjects with CAD and changes with the disease severity [4, 62-65]. Levels
of SAA also increase in conditions subject to increased cardiovascular risk, such as obesity [62],
diabetes [66, 67], rheumatoid arthritis (RA) [68, 69] and angiographically demonstrable CAD
[65]. Although this accumulated supporting evidence is mainly observational, the correlative
data have provided the basis of a link between SAA and chronic inflammatory processes
associated with atherogenesis.

In the artery wall, various inflammatory cell types are recruited and this may be attributed by
SAA’s chemo-attractant activity [16]. The stimulation of vascular EC to promote the production
of TF and TNF-α, combined with the SAA-induced accumulation of adherent monocytes /
macrophages, particularly within lymphocyte-rich areas of vascular plaque, may trigger a
focal TF response in addition to SAA action on circulating monocytes, thereby contributing to
the highly pro-thrombotic properties of the lipid-rich core within atherosclerotic lesions.
Subsequent expression of matrix degrading enzymes will result in plaque instability [21].
Potentially, reoccurring acute inflammation will give rise to cyclical increases in circulating
SAA that may incite monocyte adhesion and chemotaxis to the artery wall leading to altered
barrier function (i.e., endothelial dysfunction) and an increase in lipid content in the sub-
endothelial space [12]. At this point, SAA associated HDL may impact on lipid metabolism
and possibly reverse cholesterol transportation in the developing lesion through an intensified
affinity to macrophages within the atheroma [70]. The retention of SAA-containing HDL in
the arterial wall may be promoted due to SAA’s ability to strongly bind to vascular proteo‐
glycans [71, 72]. Increased resident time for SAA in the vascular wall may conceivably
stimulate the formation of macrophage foam cells implicating SAA in different stages of
atherogenesis [38].

Therefore, in addition to accumulating pro-atherogeneic LDL [73] in the arterial wall, the
presence of both SAA-associated HDL and oxidized HDL in close proximity to macrophage
scavenger receptors may act in concert to potentiate atherogenesis [73-76]. In support of this
idea levels of SAA, but not cholesterol, predict lesion area in cholesterol-fed rabbits [77],
suggesting a critical role for SAA in the early stages of lesion development. It is also found that
SAA deposition in the vessel wall is present at all stages of atherosclerosis [12, 16]. These
chronically elevated SAA concentrations in the arterial wall are commonly associated with the
pathogenesis of secondary amyloidosis [78] where SAA retains its ability to induce cytokine
and chemokine production, matrix-degrading enzymes, such as collagenases and MMP, and
interfere with platelet function [78]. Not surprisingly, SAA is co-located with apolipoprotein
A-I (apoA-I) in the vascular wall of patients with peripheral atherosclerosis, particularly in the
arterial intima [79], an observation confirmed by presence of co-localization of SAA with both
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apoA-I and proteoglycans in atherosclerotic lesions [80]. Interestingly, SAA is also present
within different compartments of HCAEC such as cytoskeletal filaments including microtu‐
bules, inside the nucleus and within nanotubules [43]. The expression of SAA in these
compartments may favor the progression of atherosclerosis in the vascular wall.

5. Over-expression of SAA in apolipoportein E deficient mice

The apolipoprotein E-deficient (apoE−/−) mouse is widely employed as an animal model of
atherosclerosis because of its propensity to develop atherosclerotic lesions [81-83]. A growing
body of research supports the idea that SAA can initiate endothelial dysfunction. For example,
construction of SAA lentivirus in apoE−/− mice stimulates pro-atherogenic changes in the vessel
wall [13]. Furthermore, elevated plasma levels of SAA are detected in an apoE−/− model of
obesity that exhibits accelerated atherosclerosis [84].

Interestingly, high levels of SAA are found to be associated with both HDL and LDL in mice
fed with a high-fat diet. The later is primarily localized with apoB-containing lipoproteins and
biglycan in the vascular wall [84]. Similarly, the use of viral vectors to increase SAA levels in
apoE−/− mice result in substantially enhanced plasma levels of IL-6 and TNF-α and increased
macrophage infiltration into the sub-endothelial space of early developing vascular lesions
[13]. Over-expression of SAA also causes marked increase in the expression of MCP-1 and
VCAM-1 in HAEC, thus providing direct evidence that chronic elevation of SAA in the
vasculature enhances the progression of atherosclerosis in apoE−/− mice [13]. However, in
contrast with this idea, extravascular inflammatory stimuli (i.e., croton oil-induced skin
inflammation, aspergillus fumigatus antigen-induced allergic lung disease and A.fumigatus
antigen-induced peritonitis), which also stimulates an increase in circulating SAA levels and
has no effect on the progression of atherosclerosis in the same mouse model [85]: the gender
of mice employed in these two studies differed and this may be important to the study outcome
[86]. Interestingly, the latter model likely elicits multiple inflammatory and antioxidant
pathways independent of SAA and this may explain at least in part the differences in lesion
size reported.

6. Regulation of endothelial function by HDL bound SAA

One of the principal roles of SAA is its association with HDL and the subsequent modulation
of the metabolic properties of HDL. In general, SAA is an apolipoprotein largely associated
with HDL3 (density 1.125–1.21 g/mL) in plasma where it can displace apoA-1 if in sufficiently
high concentration in the circulating blood [87-89]: apoA-1 is the major protein responsible for
the bioactivities associated with anti-atherogenic HDL [90]. Displacement of apoA-I by SAA
results in substantial altered metabolic properties of its main physiological carrier. These
changes in the apolipoprotein moieties may transform an originally anti-atherogenic into a
pro-atherogenic lipoprotein particle [88], although this is yet to be corroborated by other
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independent researchers and further studies are warranted to establish this hypothesis.
Nevertheless, factors that affect remodeling of HDL are complex due to putative roles of both
apoA-1 and SAA.

A recent HDL proteome study confirmed that protein compositions of HDL from acute
coronary syndrome (ACS) patients are shifted to a pro-inflammatory profile that co-inciden‐
tally show increased circulating SAA [91]. Similarly, studies involving end-stage renal disease
(ESRD) patients, indicate that SAA enriched HDL has reduced anti-inflammatory capacity
compared to normal HDL [92, 93]. Such SAA-enriched HDL exerts lower anti-inflammatory
properties partly due to enhanced binding capacity of SAA-containing HDL to macrophages
[94] and proteoglycans [71] relative to native HDL. Furthermore, SAA impedes HDL's
hepatocytic affinity and occurs concomitantly with a decrease in apoA-1 content in SAA -
containing HDL [94, 95]. The decrease in HDL apoA-1 may be related to the prevention of
apoA-I lipidation caused by SAA-elicited inflammation, resulting in an overall decrease in
nascent HDL formation [96-99].

However not all studies support a role for SAA in altering HDL function. Increasing the
expression of SAA1 or SAA4 (28 -72 mg/dL) in transgenic mice do not significantly alter apoA-
I or HDL cholesterol or affect lipoprotein profiles compared with the wild-type [6]. In other
studies, adenoviral vector mediated over expression of SAA in ApoAI-/- mice is unable to
substitute for apoA-I in HDL particle formation [100]. Interestingly, in SAA deficient mice
(dual SAA-1/2 gene deletion), increased size of HDL is found in relation to surface phospho‐
lipids, not proteins. Total HDL levels and apoA-I clearance are resistant to change during
inflammation [89, 101].

The proportion of SAA incorporating into HDL as an apolipoprotein may impact on the
function of this lipoprotein. A recent perspective review on SAA by Kisilevsky et al [99] has
detailed estimates of molar ratios between HDL and SAA in different clinical settings (Table
1). In the setting of developing CAD, ~10% of circulating HDL contains SAA, whereas in an
acute inflammatory response every HDL particle contains at lease one SAA. By contrast in a
normal physiological setting few HDL particles contain SAA [99]. It is estimated that when
SAA constitutes 10-20% or more of total HDL protein, HDL binding capacity to PBMC and EC
is increased relative to native HDL [95].

Furthermore, 8-10% incorporation of SAA in total HDL protein causes slight increases in the
release of pro-inflammatory cytokines from adipocytes [102]. Outcomes from cell culture
studies suggest that reduction of cholesterol efflux by SAA bound HDL is not pronounced
unless SAA constitutes more than 50% of the total HDL protein [17]. A similar study confirms
that impaired ABCG1-dependent efflux by HDL is independent of SAA during inflammation,
although the amount of SAA contained in HDL was not determined in this study [103].
Conflicting with this data others have suggested that SAA does play a role in cholesterol
metabolism during acute inflammation [104], although again the relative SAA-to-HDL ratios
are not available. It is feasible that SAA can alter HDL function beyond specifically influencing
apoA-I concentration, for example by impacting HDL-scavenger receptor VI interactions and
scavenger receptor class B member 1 (SR-B1) [71, 105] and / or acting to facilitate the binding
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of HDL to vascular proteoglycans [71]. Also, SR-B1 mediating is co-expressed with SAA in EC
in RA synovial membrane [105] suggesting multiple factors participate in SAA-mediated
changes to HDL function.

Independent of the conflicting data on the potential for SAA to impact HDL activity, the
relative ratio of SAA to HDL consistently impacts on HDL activity. For example, SAA-induced
TNF-α and IL-1β release in THP-1 cells are dose dependently inhibited by the addition of HDL,
suggesting that HDL protects against the effects of SAA during SAA transport in the blood‐
stream [107]. That is, HDL retains its ability to protect HCAEC from SAA stimulation when
cells are pre-treated with HDL before addition of pathological SAA [44]. Similarly, endothe‐
lium-dependent relaxation was partially restored by pretreatment of aorta with PEG-SOD
compared to control (Fig. 4A). Whereas pretreatment of aorta with 100, 200, and 400 (but not
50) µg HDL/mL before stimulation with 10 µg SAA/mL protected from EC dysfunction either
partially (~50%) or completely (effective HDL doses vs SAA alone; P < 0.05, Fig. 4B). Further‐
more, reduced NO production in HCAEC stimulated SAA then ACh is restored by pre-
incubation of HCAEC with 200 µg HDL/mL before SAA stimulation (see Fig. 2). Conversely,
lower HDL-to-SAA ratios are less able to inhibit SAA activity on EC and therefore, increase
the likelihood of endothelial dysfunction. The data underscore HDL’s protective roles in

Experimental model Amount of SAA in HDL Comments Ref

Human adipocyte 8-10% SAA in total protein Slightly induce pro-inflammatory adipose secretion [102]

ESRD patients Enriched with SAA, amount not

known, apoA-I not detectable.

Reduced anti-inflammatory capacity with reduced

MCP-1 inhibition

[92, 93]

C57BL/6 mice Co-expression of SAA and

endothelial lipase

Reduced levels of HDL cholesterol and apo A-I;

impeded ABCA1-mediated lipidation of apoA-I

[98]

ACS and CAD subjects Increased SAA in HDL, amount not

known.

Pro-inflammtory profile of HDL in patients; ABCA-1,

ABCG-1 and SR-B1 mediated cholesterol efflux are

changed

[91]

SAA-/- mice Amount not available No impact on HDL cholesterol and apoA-I level

Human endotoxemia Unchanged HDL proteome; higher

expression of SAA in low HDL-c

subjects

Low HDL-c levels are more responsive to inflammatory

stimuli compared to high HDL-c

[106]

Mouse HDL 3 apoA-I and 3-5 SAA molecules

per HDL particle

Increased binding of HDL to vascular proteoglycans [71]

U937, THP-1, PBMC, EA.hy.

926 / HuH-7 cells

10-20% SAA in HDL Increased HDL binding capacity to PBMC / EC [95]

SAA-/- mice no SAA level available in HDL No impact on HDL cholesterol and apoA-I level [101]

Transgenic mice from

C57BL/6

Levels of SAA in HDL not available No alteration to HDL cholesterol and apoA-I level [6]

Human THP-1 cells >50% SAA constituted in HDL Reduced cellular cholesterol efflux [17]

ApoAI-/- mice Overexpression of SAA, only 4% is

associated with HDL

Not able to replace apoA-I [100]

Table 1. Levels of SAA associated in HDL and the influence on HDL activity
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regulating SAA-mediated damage to EC particularly when high levels of HDL are present
relative to SAA.
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Figure 4. Added PEG-SOD or HDL reverses SAA-provoked vascular dysfunction. Aortic rings were pre-incubated
with (A) PEG-SOD (500 U/mL, filled circle) or (B) HDL at 400 (circles), 200 (diamonds), 100 (triangles), or 50 μg/mL
(inverted triangles), or vehicle (control). Next, ring segments were treated with vehicle (filled square) or 10 μg SAA/mL
(hatched squares) and incubated at 37 °C. After 4 h, rings were treated with phenylephrine and then ACh. Data repre‐
sent means ± SD, n=5. * P<0.05, different to vessels treated with 10 μg SAA/mL in the absence of HDL.

7. Other actions of SAA on the vascular endothelium

Angiogenesis is defined as the formation of new capillaries from existing vessels, whereas
vasculogenesis is a process that involves neo-capillary formation and involves endothelial
precursor cells such as angioblast [108]. In addition to activating the vascular endothelium
toward pro-inflammatory and pro-thrombotic states, SAA also promotes EC migration and
proliferation and this has been linked to its chemokine-like properties that regulate cellular
migration and stimulate cell proliferation [69]. The ability of SAA mediating pro-inflammatory
response is also to promote neo-capillary formation through a process termed inflammatory
angiogenesis [109].

The proliferation of EC is a pathological hallmark of RA where significantly elevated levels of
serum SAA and CRP are also a characteristic feature of this pathology [110]. Mullan and co-
workers have demonstrated that SAA (i) enhances levels of ICAM-1 and VCAM-1 in RA
fibroblast-like synoviocytes (FLS) and human microvascular endothelial cells (HMVECs) and
(ii) SAA significantly induces EC tube formation and HMVEC migration emphasising SAA’s
role in angiogenesis [111]. Presently it is understood that SAA binding to the formyl peptide
receptor-like 1 (FPR-1) stimulates this mode of EC activation [112]. Interestingly, activation of
FPR-1 by synthetic agonists readily induces macrophage TNF-α production [113] with a
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parallel increase in ROS production [48]. The latter increases Nfκβ activation [114], which itself
enhances TNF-α production [115, 116] and the downstream production of vascular EC growth
factor (VEGF) [117]. Furthermore, VEGF signaling activates the expression of EC-derived
MMPs that is essential for initiation of EC sprouting [118]. At this point, Notch signaling, an
evolutionary conserved protein pathway directing cell-fate determination [119], acts down‐
stream of VEGF signaling to regulate EC morphogenesis via induction and activation of
specific MMPs demonstrating that Notch mediates VEGF-induced MMP expression [120].
Notch is also reported to promote extracellular matrix components, such as type I collagen; at
the same setting, Notch also induces differentiation of resting fibroblasts into myofibroblasts
[121]. In fact, due to high expression Notch 1,2 and 3 in RA patients [122], as well we its
particular regulation on cell proliferation and differentiation, Notch is being considered as the
direction of a new therapeutic target for RA [123].

Another important mediator: serum amyloid A activating factor-1 (SAF-1), is identified as a
critical regulator of a variety of cellular genes including MMP-1 and FLS, and acting as VEGF
promoter [124]. Recent studies on experimentally induced arthritis in a SAF-1 transgenic
mouse showed a phenotype with markedly higher levels of angiogenesis, synovial inflamma‐
tion and inflammatory cell infiltration all mediated by induction of VEGF by SAF-1 [125]. SAA-
stimulation of ROS production in the endothelium also represents a feasible mechanism that
leads to the production of pro-angiogenic factors. Alternately, blockade of SAA binding or
direct inhibition to cell surface receptors that binding VEGF may lead to some benefit in this
inflammatory condition.

In addition to SAA’s participation in angiogenesis during RA, SAA may also be related to the
pathogenesis of cancer. Indeed, high levels of SAA in serum concentrations have been
associated with gastric [126], lung [127], renal [128] colorectal [129], breast [130], prostatatic
[131] and pancreatic cancers [132], where cancer cells themselves have been implicated in
localized SAA production. Irrespective of the source of SAA, within the tumor microenviron‐
ment, SAA is enriched together with tumor promoting-cytokines produced by activated innate
immune cells. Therefore, cancers are likely to stimulate angiogenesis through multiple
mechanisms and this should be taken into account in the development of therapeutic drugs
that target the inhibition of angiogenesis as a means to limit cancer growth.

8. Future perspectives

Overall, SAA is now increasingly seen as an independent pathogenic risk factor that plays a
role in EC activation, and ultimately the development of vascular complications associated
with atherosclerosis. Through a concerted relationship with HDL, SAA’s pro-atherogenic
action on the vascular endothelium may be regulated and this has potential implications for
the management of CVD patients that typically show a high SAA/HDL ratio. In terms of clinical
impact it is of importance to fully understand the relatioship between native HDL, SAA
associated HDL and free SAA and their impact on atherogenesis. Thus, SAA may not be simply
a biomarker of inflammatory status, but be actively involved in pro-atherogenic activation of
the vascular endothelium.
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1. Introduction

The acute phase response is a nonspecific and complex reaction of an organism that occurs
shortly after any tissue injury. The origin of this response can be attributable to infectious,
traumatic, immunologic, neoplastic, or other causes, in order to restore homeostasis, reduce
tissue damage, and to remove the cause of disturbances [1]. The acute phase response is
characterized by a number of different systemic effects, a range of metabolic activities and
alterations in a wide variety of biochemical processes. One of the most important metabolic
changes is the strongly increased (or decreased) production and secretion of some plasma
proteins from the liver, the acute phase proteins [2]. The acute phase response is a very fast
response, developing with increased concentrations of acute phase proteins within a few
hours, which remain elevated as long as the inflammatory stimulus persists [3]. For this reason,
they represent the ideal tool for the early identification of inflammation or injury, and for
monitoring the outcome of disease processes. Unfortunately, acute phase proteins are poorly
specific, since they increase in the presence of inflammation independent of the agent respon‐
sible, but the increase in their concentrations indicates that „something“ is happening in the
body, and should lead clinician to investigate the site, type and severity of the inflammation
(complete clinico-pathological approach), to identify the pathogen responsible (specific
diagnostic methods), and to follow-up the treatment.

Acute phase proteins have been studied widely in human medicine, especially as biomarkers
of diseases, inflammatory processes and various infections, to diagnose and monitor the
success of diseases in clinical praxis [4,5]. However, they have been relatively under-utilised
in the veterinary medicine, and the possible influence of inflammatory conditions on the
concentrations of these proteins, and they use as indicators in the monitoring of animal health
and detection of diseases in veterinary clinical practice, especially in farm animal medicine is



less well documented. For this reason, the main purpose of this article is to provide an
integrated overview about the diagnostically valuable acute phase proteins in farm animals,
to update the knowledge about their usefulness in the detection and diagnosis of various
economically important diseases of ruminants and swine, and present some new knowledge
regarding their clinical applicability and methods for determination.

2. The acute phase response

The acute phase response is a complex early-defense system induced by any process that leads
to tissue damage, e.g. bacterial and viral infection, inflammation, parasite infestation, trauma,
surgery, ischemic necrosis, burns, neoplastic growth [6]. The reactions of the acute phase
response are part of the non-specific immune system and thus the first line of defense against
invading pathogens, which is responsible for the survival of the host during the critical early
stages of the attack. It is designed to hold the infection in check until the adaptive, highly
specialized immune response is initiated [7]. The acute phase response is a cascade of host
responses with the goal of reestablishing the homeostasis, to remove the cause of disturbance
and promote the healing process [8].

The pathogenesis of the acute phase response begins within inflammatory sites, where cells
involved in the innate immune response (i.e. macrophages, monocytes) produce and release
a vast number of inflammatory mediators, among which the cytokines (such as interleukin-1,
interleukin-6 and tumor necrosis factor-α) play very important roles [9]. These cytokines
influence organs involved in homeostasis, such as the central nervous system (CNS), the
autonomic nervous system and the adrenal gland, to establish a rapid and intense protective
or reactive response [10]. Cytokines induce a cascade of events which potentiate the appear‐
ance of the main clinical changes charecterized by fever, anorexia or weight loss [11]. In
addition, the cytokines activate receptors on different target cells leading to systemic inflam‐
matory reactions, including hormonal or metabolic, and resulting in a number of biochemical
changes [12]. These symptoms reflect multiple changes in the homeostatic control of the
diseased animals, such as increased production of adrenocorticotrophic hormone and gluco‐
corticoids, activation of the complement cascade and blood coagulation system, decreased
serum concentrations of calcium, zinc, iron, vitamin A and α-tocopherol, and changes in the
concentrations of some plasma proteins [13]. One of the most important metabolic changes is
the strongly increased synthesis of a group of plasma proteins, namely acute phase proteins,
by the liver [14].

3. Acute phase proteins

In general, the acute phase proteins are a group of blood proteins that change in concentrations
in animals subjected to external or internal challenges, such as infection, inflammation, trauma
or stress [1]. Acute phase proteins can be classified according to the magnitude of the increase
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(positive acute phase proteins) or decrease (negative acute phase proteins) in their serum
concentrations during the acute phase response [15]. They are further classified as major,
moderate, or minor, depending on their responsibility. Major proteins represent those that
increase 10- to 100-fold, moderate proteins increase 2- to 10-fold, and minor proteins are
characterized with only a slight increase [16]. Major proteins often are observed to increase
markedly within the first 24 – 48 hours after the triggering event and often have a rapid decline
due to their very short half-life. Moderate and minor proteins follow in magnitude of response
and may both increase more slowly and be more prolonged in duration, depending on the
status of the triggering event [17]. Moderate and minor acute phase proteins may be observed
more often during chronic inflammatory processes [18]. In these cases, an aberrant continua‐
tion of some aspects of the acute phase response may contribute to the underlying tissue
damage, which accompanies the disease and also may lead to further complications, for
example protein deposition such as reactive amyloidosis [19].

Generally, the main function of acute phase proteins is to defend the host against pathological
damage and assist in the restoration of the homeostasis. Some of the acute phase proteins (α1-
antitrypsin, α2-macroglobulin) have anti-protease activity designed to inhibit proteases
released by phagocytes or pathogens to minimize damage to normal tissues [13]. Another acute
phase proteins (haptoglobin, serum amyloid A, C-reactive protein) have scavenging activities
and bind metabolites released from cellular degradation so they can re-enter host metabolic
processes rather than be utilized by pathogen [20]. Others (α1-acid glycoprotein) are charac‐
terized by anti-bacterial activity and by the ability to influence the course of the immune
response [21].

Despite the uniform nature of the acute phase response, there are numerous differences in the
acute phase characteristics between different animal species [13]. The important concept is that
each animal species has its own major acute phase proteins that must be considered the
markers of choice for diagnostic purposes. Ruminants are significantly different to other
species in their acute phase response, in that haptoglobin (Hp) and serum amyloid A (SAA)
are the major acute phase proteins [22]. On the other hand, in pigs, significant increases of C-
reactive protein have been detected after an inflammatory stimulus [23].

4. The diagnostic utility of acute phase proteins in the veterinary practice

It is important to recognize that acute phase protein concentrations are elevated in animals with
many different diseases, having very poor diagnostic specificity in detecting the cause, so they
can not be used as the primary diagnostic test for a particular disease. However, they have very
high sensitivity in detecting many conditions that alter the health of the animal and in provid‐
ing evidence that an animal has subclinical inflammation or infection [16]. It was reported by
Kent [24] that acute phase proteins quickly and precisely demonstrate the presence of infec‐
tious and inflammatory conditions, but not the cause. A very interesting characteristic of the acute
phase proteins is the possibility of detecting subclinical diseases [16]. Petersen et al. [15] stated
also that acute phase proteins can detect the presence of subclinical disease which is the cause of
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reduced growth rate and losses in the production. In the clinical field, acute phase proteins may
serve as indicators of prognosis and effect of treatment. The magnitude and duration of the acute
phase response reflect the severity of the infection and underlying tissue damage [25]

Practical uses and advantages of acute phase protein assays in small animals have been
described and demonstrated in a large number of scientific reports published in a last few
years. However, clinical application of acute phase proteins in large animals has not been
sufficiently standardized in routine practice. The possible use of acute phase proteins in
ruminants and swine has been investigated in various inflammatory and non-inflammatory
conditions. However, there are many more areas of enquiry which can be pursued to deepen
our knowledge about the acute phase response and also to develop novel applications for the
acute phase proteins, e.g. during some less frequently studied diseases of young (diarrhoea,
omphalophlebitis) and adult cattle (laminitis, mastitis), as well as not only in acute infections,
but also in chronic inflammatory conditions. Moreover, the concentrations of acute phase
proteins must be interpreted in the view of many other influences not associated with diseases.
The age of evaluated animals, parturition, the transition of pregnancy to lactation are impor‐
tant factors that may affect the concentrations of frequently analyzed biochemical variables,
including the concentrations of acute phase proteins. Considering that the evaluation of acute
phase proteins would be important diagnostic aid available to clinicians, their usefulness for
diagnosis and prognosis of various disorders and diseases in cattle and swine will be discussed,
including the influence of some physiologic conditions on their values.

4.1. The effect of age on the concentrations of acute phase proteins

After birth, newborns and young animals go through a period of rapid growth and develop‐
ment, and adapt to life outside the uterus. This transition from foetal to neonatal life and then
from newborn to young animal necessitates major physiological adjustments [26]. Young
calves must adapt to various environmental factors, including nutrition which changes from
a primarily carbohydrate-based energy supply during the foetal period to a high fat and
relatively low carbohydrate nutritional energy supply in colostrum and milk, and then from
milk to solid diet [27]. The exposure to the new environment and foreign antigens requires the
establishment of appropriate defence responses [28]. The neonate is immunocompetent, but
the adaptive immune system is immature [29]. Non-specific defence mechanisms, including
the reactions of the acute phase response may thus be important for the adaptation to com‐
plicated physiological processes during growth and development of calves. Therefore, the
concentrations of acute phase proteins may be influenced by the age of evaluated animals. The
concentrations measured in young calves thus may differ from the values in adult cattle.
Therefore, higher concentrations of acute phase proteins, which in adult cattle may indicate
an inflammatory process, in young calves are not necessarily a sign of the activation of the
acute phase protein production by some inflammatory stimulus, or a sign of a disease.

Possible factors affecting the concentrations of acute phase proteins after birth include foetal
synthesis of acute phase proteins, the stimulation of their production by birth trauma, intake
of colostrum containing acute phase proteins or their stimulants, and immaturity of synthesis
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capacity of the newborn liver [28]. Introduction to the extrauterine environment, which
contains various microbes, could also trigger an inflammatory response. Colostrum contains
high amount of inflammatory mediators such as cytokines, which may induce the acute phase
response in newborns. Transfer of colostral cytokines to the blood of calves has been reported
by Yamanaka et al. [30]. In addition, direct transfer of some acute phase proteins from
colostrum to newborns may potentially occur. Schroedl et al. [31] found elevated concentra‐
tions of CRP in young calves. They concluded that although CRP in cattle is not a major acute
phase protein, bovine colostrum contains high amounts of CRP and its transfer contributes to
elevated concentrations in newborn calves. Moreover, high concentrations of mammary-
associated SAA in the colostrum of healthy cows were found, which have a primarily protec‐
tive effect on the gastrointestinal tract of neonates by stimulating mucin production and
reducing adherence of pathogens [32]. Immaturity of the neonatal liver to mount an acute
phase response to an inflammatory stimulus could affect the concentrations of acute phase
proteins in neonatal animals. For example, low Hp concentrations are common in newborn
infants, which are related to the immaturity of the liver to produce Hp in a situation where Hp
consumption is increased because of haemolysis of foetal erythrocytes [33].

Tóthová et al. [34] evaluated the age-dependent changes in the concentrations of haptoglobin
(Hp), serum amyloid A (SAA) and fibrinogen (Fbg) in clinically healthy calves during the first
6 month of life. The most pronounced changes they observed in the concentrations of SAA,
with the highest concentrations at the age of 1 month followed by gradually decreasing values
to 5th month of life (Table 1). Orro et al. [28] reported also higher mean serum concentrations
of SAA shortly after birth, being the highest at the age of 7 days (112.0 mg/l), and decreased
after 10 days of age. In contrast, low SAA concentrations have been noted by Alsemgeest et al.
[35] in calves sampled within 10 min after parturition. The results obtained by Tóthová et al.
[34] showed in calves less pronounced changes in the Hp concentrations during the first three

Variable Age of the calves (months) P

1 2 3 4 5 6

Hp (mg/ml) x 0.068A 0.064 0.056 0.213 0.062 0.021A < 0.05

± SD 0.021 0.026 0.024 0.344 0.081 0.018

SAA (μg/ml) x 59.12a 53.37 39.71 21.20 10.51a 19.86 < 0.05

± SD 35.61 21.43 26.65 19.97 10.36 27.42

Fbg (g/l) x 2.31 3.14a 2.55 2.87 2.82b 2.17a,b < 0.01

± SD 0.76 0.75 0.32 0.57 0.40 0.20

The same superscripts in rows mean statistical significance of differences in concentrations between the columns: a, b –
P < 0.05, A – P < 0.01

P – significance of the differences

Table 1. Age-related changes in the concentrations of evaluated acute phase proteins in clinically healthy calves from
the 1st till 6th month of age [34]
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months of life than those observed in the serum SAA concentrations. The concentrations of
Hp in the blood serum of calves in the first three months after birth were roughly uniform,
and the values were comparable with the concentrations measured in healthy adult cattle.
Similar findings were reported by Hyvönen et al. [36]. Orro et al. [28] also stated that serum
Hp concentrations after birth were more stable compared with serum amyloid A. Slightly
higher mean Hp concentration was observed by the abovementioned authors at the age of 3
days, and then (after a small decrease) the serum concentrations of Hp remained relatively
stabile. Schroedl et al. [31] described that the concentrations of Hp in newborn calves did not
differ between samples obtained at birth, at 1 day of age and at 10 days of age. Studies
performed by Knowles et al. [37] showed that the concentrations of fibrinogen in calves
increased during the first 2 weeks after birth, although the rise was relatively small, and the
concentrations did not exceed the general reference limit used for healthy cattle. Very similar
transient and relatively small increases in Fbg concentrations during the first 2 weeks of life
in calves have been reported by Gentry et al. [38]. The results presented by Tóthová et al. [34]
showed a transient increase in the plasma concentrations of fibrinogen at the age of 2 months,
which was followed by a repeated decrease of Fbg concentrations, and the obtained values
were similar to those usually measured in healthy adult cattle.

5. Acute phase proteins in cattle

5.1. Haptoglobin

Haptoglobin (Hp) is a glycoprotein composed of 2 α and 2 β subunits. The α subunit has a
molecular weight of 16 – 23 kDa and the β subunit 35 – 40 kDa. The subunits combine in the
form of a β-α-α-β tetramer chain [39]. In the circulation, Hp is highly polymerized having a
molecular weight of approximately 1000 – 2000 kDa, and exists also as polymer associated
with albumin [40]. The primary function of Hp is to bind free hemoglobin in the blood. By
removing from the circulation any free hemoglobin, which has inherent peroxidase activity,
Hp prevents oxidative damage to tissues [41]. The Hp-hemoglobin binding also reduces the
availability of the heme residue from bacterial growth and therefore Hp has an indirect anti-
bacterial activity [1]. Many studies have indicated the significance of Hp as a clinically useful
parameter for measuring the occurrence and severity of inflammatory responses in cattle with
mastitis, pneumonia, enteritis, peritonitis, endocarditis, abscesses, endometritis and other
natural or experimental infectious conditions [42].

Assays for serum Hp concentration include spectrophotometric methods and immunoassays.
The spectrophotometric assays are based on the ability of Hp to bind hemoglobin (Hb), forming
Hp-Hb complexes that either alter the absorbance characteristic for Hb in proportion to the
concentration of Hp in a serum sample, or preserve peroxidase activity at an acidic pH, which
then can be detected and quantified [43]. In addition, an automated spectrophotometric
multispecies assay based on this reactivity has been developed [44]. Nephelometric immuno‐
assays, in which the rate of the precipitation of the antibody-antigen complex is measured,
have been validated for the estimation of Hp [45].
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5.2. Serum amyloid A

Serum amyloid A (SAA) is a small hydrophobic protein (9 – 14 kDa), which is found in serum
associated with high density lipoprotein. In humans, four separate isoforms have been
identified [46]. Of these, SAA1 and SAA2 respond to an acute phase reaction with increased
production from the liver. In contrast, SAA4 is a constitutive protein that is produced normally
at low concentrations and is not affected by the acute phase response. The SAA3 isoform is
expressed in non-hepatic tissues during the acute phase response with increases found in lung,
adipose tissue, ovarian granulosa, as well as in the mammary gland [47]. The mammary
isoform (M-SAA3) has also been detected in bovine colostrum [32]. Among the functions
ascribed to SAA have been reverse transport of cholesterol from tissue to hepatocytes,
opsonisation, inhibition of phagocyte oxidative burst and platelet activation [15]. The M-SAA3
isoform found in colostrum stimulates the production of mucin from intestinal cells assisting
the initiation of secretions from the neonatal intestine and helping to prevent bacterial
colonization [48].

Enzyme linked immunosorbent assay (ELISA) is the commonest format for immunoassays of
SAA. A cross species SAA immunoassay has been developed for measuring in veterinary
medicine, that can be used in most species as the antibody shows species specificity for SAA
[49]. In addition, the latex agglutination test and turbidimetric immunoassay has been
validated for SAA determination [50].

5.3. Fibrinogen

Fibrinogen (Fbg), a precursor of fibrin, is also an acute phase protein, which has been used for
many years to evaluate inflammatory and traumatic diseases in cattle, and is characterized by
markedly increased synthesis in response to infection [51]. Fibrinogen is a β-globulin present
in the plasma. It is composed of 3 polypeptide chains linked by disulfide bridges and a
glycoprotein [52]. Fibrinogen is involved in homeostasis, providing a substrate for fibrin
formation, and in tissue repair, providing a matrix for the migration of inflammatory-related
cells [53]. Assays for fibrinogen have been largely dependent on its biological activity based
on the rate of formation of insoluble fibrin in the presence of excess thrombin or on its
precipitation following mild heat treatment [54].

5.4. Albumin

Serum albumin is the major negative acute phase protein. During the acute phase response
the demand for amino acids for synthesis of the positive acute phase proteins is markedly
increased, which necessitates reprioritization of the hepatic protein synthesis: albumin
synthesis is down-regulated and amino acids are shunted into synthesis of positive acute phase
proteins [55]. It has been reported that during the acute phase response 30 to 40 % of the hepatic
protein synthesizing capacity is used for production of positive acute phase proteins and the
production of other proteins thus need to be diminished [56]. Albumin is responsible for about
75 % of the osmotic pressure of plasma and is a major source of amino acids that can be utilized
by the animal's body when necessary. In routine practice, albumin is usually measured by
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spectrophotometric methods, such as the bromcresol green assay. However, overestimation
of albumin can occur in heparinized plasma samples assayed by this method [57].

6. Acute phase proteins in pigs

In the pigs, C-reactive protein, haptoglobin, α1-acid glycoprotein, and pig specific major acute
phase protein were identified as the diagnostically most important acute phase proteins.

6.1. C-reactive protein

In the pigs, as in the dogs and humans, C-reactive protein (CRP) is the prototypical acute phase
protein with major diagnostic value. This protein was the first acute phase protein to be
described. Originally named for its ability to bind the C-polysaccharide of Streptococcus
pneumoniae, CRP has been defined as an exquisitely sensitive systemic marker of inflammation
and tissue damage [58]. C-reactive protein plays important roles in the protection against
infection, clearence of damaged tissues, and regulation of the inflammatory response [59].
Structurally, CRP is a cyclic pentamer which binds with a variety of pathogenic bacteria or
intracellular antigens of damaged cells, thus recognising foreign molecules and altered self [1].

Measurement of serum CRP is generally by immunoassays using specific CRP antibodies, and
several formats have been developed and described for this purpose, such as immunoturbi‐
dimetric assay, ELISA, or latex agglutination tests [60,61]. Currently, a commercial ELISA kit
is available that is specific for porcine CRP, although technical improvements are needed to
decrease between-run imprecision.

6.2. Alpha1-acid glycoprotein

The main biochemical characteristic of α1-acid glycoprotein (AGP) is that it is a highly
glycosylated protein and is the main protein component in seromucoid [62]. It does bind to a
number of metabolites such as heparin, histamine and serotonin, steroids and catecholamines
[63]. AGP is also known to bind to pharmacological compounds which may have therapeutic
implications as the amount bound can affect the metabolically active fraction of the drug.
Increased AGP due to an acute phase response thus may reduce the concentration of free drugs,
thus affecting their pharmacokinetics.

Although AGP can be estimated by precipitation of the majority of serum proteins by perchlor‐
ic acid and quantification of the remaining soluble proteins, this protein is usually measured
by single radial immunodiffusion on agarose gel impregnated with anti-species AGP rabbit
serum [64]. These tests are species-specific; however, they have the disadvantage of requiring
24 or 48 hours for diffusion to be complete.

6.3. Pig specific major acute phase protein

Specifically in the pigs, this specific acute phase protein (pig MAP) of unknown function has
been reported to be a sensitive indicator of infection. Increases in pig MAP have been shown
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during infections with Actinobacillus pleuropneumoniae, in post weaning multisystemic wasting
disorder and following transport [65]. The application of this protein to the veterinary
diagnosis seems promising but needs further investigation.

7. Acute phase proteins in cattle diseases

7.1. Acute phase proteins in calves

7.1.1. Acute phase proteins in calves with respiratory diseases

Respiratory diseases are one of the leading causes of morbidity and mortality in calves and
young cattle, and may account for serious economic losses [66]. In case of dairy calf pneumonia,
diagnosis and treatment are mainly based on the observation of clinical symptoms, such as
depression and body temperature combined with specific disease signs. However, in many
cases, the infected calves show only mild clinical symptoms that could be easily missed in a
group of calves on a farm [67]. To prevent disease outbreaks, early detection, isolation and
treatment of diseased animals is important. Therefore, there is a need for objective parameters
that are suitable as indicators of health or disease in calf herds applicable in the laboratory
diagnosis of diseases. These proteins have been found to increase in the serum of cattle with
many different diseases, including experimentally induced and naturally occurring respira‐
tory tract diseases [40].

Respiratory-tract diseases are considered to be multi-factorial with causative agents, calf
factors and environmental factors. The most common agents found in association with
respiratory diseases are viruses such as bovine respiratory syncytial virus (BRSV), bovine
herpesvirus (BHV-1), parainfluenza- virus (PI-3). On the other hand, secondary bacterial
infections, e.g. Mannheimia haemolytica, Pasteurella multocida, Histophilus somni are common [68].
However, scientist are not in agreement as to whether bacterial or viral infections mount a
higher response. Conner et al. [69] showed that intra-tracheal aerosol inoculation with
Mannheimia (M.) haemolytica in calves raised the levels of haptoglobin, α1-antitrypsin, and
seromucoid. The aforementioned authors showed the earliest detectable rise in the concen‐
trations of Hp after 24 hours, with the highest value on day 3 after inoculation (1.0 g/l). Similar
to previous data reported by Makimura and Suzuki [43], the Hp concentrations were unde‐
tectable (less than 30 µg/ml) in animals prior to challenge. These data provide valuable
information regarding the induction and kinetics of haptoglobin production. Horadagoda and
Eckersall [70] evaluated also calves intra-tracheally infected with M. haemolytica serotype A1.
The results reported by these authors showed a small, insignificant increase in Hp concentra‐
tions within 10 h post-inoculation. In contrast, the concentrations of serum amyloid A
increased progressively from undetectable values at inoculation to 18 mg/l measured 10 hours
after the infection. These data indicate that SAA is a more rapidly reacting acute phase protein
compared to haptoglobin in response to bacterial infection with M. haemolytica. On the other
hand, Angen et al. [71] reported that even if SAA is more rapidly reacting acute phase protein,
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it needs virus to be present in order to respond, while Hp is fully induced by bacterial infection
alone.

Godson et al. [40] investigated the serum protein profile from animals with bovine respiratory
diseases to identify bovine acute phase proteins which may be used as indicators of the disease.
For this reason, they experimentally reproduced bovine respiratory diseases, by challenging
seronegative calves with bovine herpesvirus (BHV-1) on day 0 and M. haemolytica A-1 strain
on day 4, which mimics the clinical signs and pathological changes associated with the
naturally occuring fibrinous pneumonia observed in feedlots. In this model of virus induced
bacterial pneumonia, the aforementioned authors found only few animals responding to the
viral challenge with increased haptoglobin concentrations. Over the first 4 days after BHV-1
exposure, only 10 % of animals developed Hp concentrations higher than 100 µg/ml. However,
24 hours after M. haemolytica challenge, 43 % of the animals had Hp values in excess of 100 µg/
ml, and 3 days after challenge, this proportion reached 84 %. Moreover, the proportion of
animals responding and the mean Hp concentration continued to rise for another 2 – 3 days.
Thus, according to Godson et al. [40], haptoglobin induction appeared to be related to the onset
of bacterial infection. Moreover, in the aforementioned study, the induction of haptoglobin
production was temporally associated with the development of the disease, as well as the
disease severity (fever, sick score, weight loss). While all animals which were clinically sick
had elevated Hp concentrations, increased Hp values were detected also in some animals that
did not show apparent illness. Thus, the measurement of Hp may detect infected animals
before clinical signs of the disease become apparent [25]. Furthermore, Godson et al. [40]
reported significantly higher Hp concentration in animals that subsequently died compared
to those that recovered. Similar findings were reported by Tóthová et al. [72] in calves suffering
from bovine respiratory disease under field conditions. Therefore, the determination of Hp
concentrations may serve as a prognostic aid in determining the severity of the disease. Further
examination of the acute phase response of calves to bacterial infection with Pasteurella
multocida biotype A3 was performed by Dowling et al. [73] to describe the changes in acute
phase reactants of the host to either low or high volumes of the inocula. The results of the
aforementioned authors showerd that all treatments elicited a moderate to severe response
and induced clinical signs characteristic of bovine pneumonic pasteurellosis as observed in
natural cases. However, the results of the acute phase reactants indicated that, of the two
treatment variables used (dose and volume), volume was the more influential factor inducing
the disease. In calves challenged with greater volumes (300 vs. 60 ml) they found significantly
higher Hp concentrations, regardless of the number of the bacteria (109 vs. 1010 cfu). Dowling
et al. [73] expected that increased volume challenges affect a greater area of the lungs, especially
if the initially slow response in Hp production provides more time for bacterial proliferation.
Moreover, they stated that the increases in the concentrations of α1-acid glycoprotein were
more gradual than those observed for Hp and maintained for longer period.

Heegaard et al. [25] evaluated the acute phase response of calves to experimental viral infection
with bovine respiratory syncytial virus (BRSV). While the serum concentrations of both serum
amyloid A and haptoglobin remained low in all control animals in this study, the SAA
concentrations became elevated in the most of experimentally infected animals. This elevation

Acute Phase Proteins112



was detectable at day 5 after infection, and peaked around day 5 – 8 post infection. The highest
SAA concentrations were in the range of 60 – 80 µg/ml, which is about 5 – 7 times higher than
the values obtained in the control animals. Generally, changes in Hp concentrations followed
the changes in SAA values. The maximum response of Hp was seen on day 6 -7 after infection,
and reached 8 – 10 mg/ml. In the study by Heegaard et al. [25], SAA responded more rapidly
to infection, but Hp concentrations correlated better with disease severity. Similar findings
were reported by Grell et al. [74] in calves experimentally infected with BRSV with the highest
Hp concentrations at 7 – 9 days after inoculation. Moreover, calves with the most severe clinical
symptoms had the highest Hp values. Gänheim et al. [67] examined the acute phase response
in calves experimentally infected in the respiratory tract with either bovine viral diarrhoea
virus (BVDV) or M. haemolytica, or with a combination of the two agents. They investigated
also the differences in the magnitude and kinetics between single and dual infection. In all
inoculated groups, a significant acute phase response was observed with elevated values of
Hp, SAA, as well as fibrinogen, while the control group remained unaffected throughout the
study. In general, the magnitude of the response was similar, but the duration of increased
concentrations of measured acute phase proteins were the longest in the BVDV/M. haemolyti‐
ca group, reflecting the duration of the clinical symptoms. According to the data obtained by
Gänheim et al. [67], the acute phase response occured much faster after M. haemolytica
inoculation than after BVDV infection. After BVDV inoculation, increases in the acute phase
protein concentrations did not appear until 7 – 8 days.

Variables Group of calves P

Healthy (n = 15) Sick (n = 27)

Hp (mg/ml) 0.05 ± 0.06 1.11 ± 0.80 < 0.001

SAA (μg/ml) 28.02 ± 20.60 63.19 ± 39.42 < 0.01

P – significance of the differences in measured values between healthy and sick animals, n. s. – non significant

Table 2. Concentrations of Hp, and SAA in healthy animals and calves suffering from chronic respiratory diseases
(mean ± SD) [72]

According to Nikunen et al. [75], the use of different acute phase proteins as markers of
naturally occuring respiratory diseases is somewhat controversial. In the study presented by
these authors, only Pasteurella multocida infection was associated with markedly increased
concentrations of acute phase proteins. Similarly, Svensson et al. [76] concluded that the
discriminative ability of serum Hp concentrations for indicating the clinical respiratory-tract
disease in calves under field conditions is overall poor, and no better than rectal temperature.
The usefulness of acute phase proteins for determining the response to therapy and making
the right treatment decisions was evaluated by Carter et al. [77]. They found higher Hp
concentrations in calves requiring more than one treatment compared to calves with one
treatment. In addition, Berry et al. [78] showed that Hp concentrations are useful tool for
predicting the number of antimicrobial treatments required in newly received feedlot calves.
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The ability of acute phase proteins to clearly identify the calves with bronchopneumonia that
would have required an anti-inflammatory treatment was investigated also by Humblet et al.
[79]. The results presented by these authors showed that haptoglobin and fibrinogen together
in growing calves suffering from bronchopneumonia allow the identification of about 70 % of
calves that required antibiotic and anti-inflammatory drugs. Haptoglobin alone was able to
confirm > 75 % of case decisions, whether diseased calves were treated or not. Moreover, Hp
and Fbg were useful predictors of the inflammation severity. Jawor and Stefaniak [80]
evaluated selected acute phase proteins and their usefulness as parameters for monitoring the
treatment of respiratory diseases in calves. According to the aforementioned authors, the
decreasing concentrations of acute phase proteins observed in the majority of calves treated
for bronchopneumonia suggest diminishing inflammatory processes. In contrast, higher acute
phase protein concentrations after an initial decrease strongly suggest the presence of secon‐
dary infections, meening that treatment should be continued.

Variables Group of sick calves P

A (n = 16) B (n = 11)

Hp (mg/ml) 0.81 ± 0.60 1.56 ± 0.86 < 0.05

SAA (μg/ml) 44.70 ± 30.78 90.07 ± 35.73 < 0.01

Groups of calves: A – group of calves with improved general health state; B – group of died or euthanised calves

P – significance of the differences in measured values between two groups of sick calves, n. s. – non significant

Table 3. Comparison of the concentrations of Hp, and SAA between two groups of calves with respiratory-tract
diseases, divided according to the development of their health status during the treatment (mean ± SD) [72]

Most of the investigations on the synthesis of acute phase proteins in animals with respiratory
diseases have been focused on the immediate or acute phase response of the infection.
However, only a few reports on the acute phase protein production in chronic inflammatory
conditions have been published. Horadagoda et al. [18] found that the concentrations of Hp,
SAA and α1-acid glycoprotein were higher in cases of acute compared with chronic inflam‐
mation. The results presented by Tóthová et al. [72] showed that not only acute diseases of the
respiratory tract, but also chronic cases are characterized with increased production of some
acute phase proteins, predominantly haptoglobin with concentrations in calves with chronic
respiratory diseases more than twentyfold higher compared with healthy animals (Table 2).
In addition, in the aforementioned study, cases with severe clinical signs and poor prognosis
were associated with markedly higher Hp and SAA concentrations (Table 3). Thus, Hp
concentrations in the range of 1 – 3 mg/ml, and SAA concentrations around 100 µg/ml predict
severe course of the disease with poor prognosis. Similar findings were reported in calves by
Heegaard et al. [25]. Skinner et al. [81] found that Hp concentrations of more than 0.2 mg/ml
indicate mild infection, values above 0.4 mg/ml suggest severe infection, while extended
pathological conditions are typically associated with Hp values in the range of 1- 2 mg/ml.
These results suggest the wide use and possible application of acute phase proteins to
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determine respiratory diseases and the magnitude of inflammatory changes in calves, choose
proper therapy and monitor the efficiency of the treatment.

7.1.2. Acute phase proteins in calves with diarrhoea

Diarrhoea in calves, together with respiratory diseases, is another multifactorial disease entity
that can have serious financial and animal welfare implications in both dairy and beef suckler
herds. It has been estimated that 75 % of early calf mortality in dairy herds is caused by
diarrhoea in the pre-weaning period [82]. However, there are only few published data
regarding the possible influence of diarrhoea on the concentrations of acute phase proteins
and their usefulness in the diagnosis of these diseases. Piercy [83] investigated the production
of ceruloplasmin in experimental infection with Salmonella (S.) Dublin. In the infected calves,
they found a significant increase in the concentrations of ceruloplasmin between 3 and 4 days
after infection, which decreased to normal values on day 7. Deignan et al. [84] examined the
serum concentrations of haptoglobin, a more common bovine acute phase protein, in young
calves in response to experimental infection with a mixture of three Salmonella serotypes (S.
Dublin, S. enteritidis, S. Heidelberg), and to compare these levels with clinical markers of
infection to assess the usefulness of Hp as a marker of infection severity. In the aforementioned
study, the serum Hp concentrations prior to bacterial challenge were undetectable in all
animals included in the trial. Following experimental Salmonella infection, the Hp concentra‐
tions increased significantly within 3 days of challenge. This increase in serum Hp values
showed a statistical correlation with other more subjective clinical markers of infection, such
as diarrhoeal scores, morbidity scores and temperature. On day 5 post-challenge, the serum
Hp concentrations in Salmonella–challenged calves had returned to the normal values in all
animals analyzed, despite the persistence of clinical symptoms of infection in the most of these
animals. These obtained data indicate that Hp concentrations reflect the severity of infection,
and may aid in predicting the prognosis of the infection. Similarly, Skinner et al. [81] indicated
the significance of Hp as a clinically useful parameter for measuring the occurrence of enteritis
in cattle.

The usefulness of the assessment of Hp, SAA and fibrinogen concentrations for the monitoring
of treatment in calves having diarrhoea was evaluated by Jawor [85]. In the aforementioned
study, 40 % of calves with diarrhoea had Hp concentration > 0.1 mg/ml (ranging to 0.49 mg/
ml). During the treatment, the serum concentrations of Hp decreased. A high percentage of
diarrhoeic calves with higher Fbg concentrations (mean Fbg concentration of 7.28 g/l) were
detected at the beginning of the treatment, while during the treatment a gradual decrease was
noted. However, fibrinogen estimation required an additional determination of plasma
proteins to distinguish between a relative increase in hemoconcentration and an absolute
increase of Fbg concentration during inflammation [53]. The concentrations of SAA were
elevated during the entire treatment period for most of the diarrhoeic calves. The very high
initial serum SAA concentrations and subsequent significant decrease of values during the
treatment suggest that this acute phase protein may be very useful in calves with diarrhoea.
Similarly, the results presented by Tóthová et al. [86] showed in 10 calves with clinical signs
of diarrhoea higher mean SAA concentration compared with clinically healthy calves (Table
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4). However, in Hp and Fbg concentrations they found no marked differences between healthy
and diarrhoeic calves, and haptoglobin does not reach the concentrations seen in other disease
conditions in cattle. Thus, these findings indicate that the disturbances in the homeostasis,
inflammatory reactions of the organism, and tissue damage caused by diarrhoea did not evoke
sufficient inflammatory response giving a more marked systemic increase in the concentra‐
tions of measured acute phase proteins. Similarly, according to Muller-Doblies et al. [87], Hp
requires a stronger stimulation to induce an increase in serum concentrations.

Variables Groups of calves K-W

PH A B C D

Hp (mg/ml) x 0.04a 0.73a 0.10 0.13 0.43 < 0.001

SD 0.03 0.78 0.16 0.16 0.78

SAA (μg/ml) x 29.78a 93.38a 51.47 74.94 42.02 < 0.001

SD 24.62 50.96 25.05 26.16 28.21

Fbg (g/l) x 2.31a 3.86a 2.84 2.81 3.16 < 0.001

SD 0.41 1.55 0.77 0.51 1.22

The same superscripts in rows mean statistical significance of differences in measured concentrations between the groups
of calves: a – P < 0.001

K-W – Kruskal-Wallis analysis; P – significance of the analysis

Groups of calves: H – clinically healthy calves, A – calves with clinical signs of respiratory diseases, B – diarrhoeic calves, C
– calves with omphalophlebitis, D – calves with multisystemic diseases

Table 4. Comparison of the concentrations of Hp, SAA and Fbg between clinically healthy calves and calves affected
by various inflammatory diseases [86]

7.1.3. Acute phase proteins in calves with omphalophlebitis and multisystemic diseases

Seeing that the inflammation of the navel, the tissue damage and other pathologic lesions in
the associated structures may cause inflammatory reactions, Tóthová et al. [86] evaluated
calves with omphalophlebitis to detect if this disease may affect the concentrations of major
acute phase proteins. The results presented in this study showed in calves with clinical signs
of omphalophlebitis, similarly to the calves with diarrhoea, more markedly higher mean
concentration of SAA than in clinically healthy calves. In the concentrations of Hp and Fbg
there were no marked differences between healthy and sick animals (Table 4). These findings
might be a consequence of a different initiation of the production of various acute phase
proteins, seeing that SAA is a more sensitive acute phase protein than Hp in cattle, with rapid
increase in serum concentrations after the inflammatory stimulus [88]. An opposite trend with
more markedly higher mean concentrations of Hp and Fbg was observed by Tóthová et al. [86]
in calves affected by multisystemic diseases (with more than one affected organ – navel, joints,
digestive tract, respiratory system), while the mean SAA concentration obtained in this group
was only slightly higher compared with clinically healthy calves. Similar findings were
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reported by Gänheim et al. [89], who found higher concentrations of Hp and fibrinogen in
calves with diarrhoea at the same time as respiratory symptoms compared to those that had
signs of only respiratory diseases or diarrhoea.

7.2. Acute phase proteins in dairy cows

7.2.1. Acute phase proteins in cows with mastitis

Despite world-wide efforts, mastitis has remained economically the most important disease in
dairy cattle, and despite different mastitis control programs it is still the major challenge for the
dairy industry [90]. While clinical mastitis is often easy to detect, sub-clinical mastitis, on the
other hand, is a larger problem for the dairy industry since this condition shows no visible changes
in the udder or in the milk [91]. Sub-clinical mastitis is frequently diagnosed by Californian
Mastitis Test (CMT), which may suffer from a lack of reproducibility. In addition, up to now, the
evaluation of somatic cell count (SCC) has remained as the gold standard for determining udder
health. However, it is not sufficient enough in discriminating between the clinical and sub-
clinical form of mastitis [92]. Therefore, it is of great importance to investigate biomarkers that
could be used for rapid detection of sub-clinical mastitis. One of the ways to identify cows with
sub-clinical mastitis would be the measuring of the concentrations of acute phase proteins. The
production and usefulness of acute phase proteins in cows with experimentally induced mastitis
and mastitis under field conditions were investigated by several authors.

Conner et al. [93] evaluated the concentrations of haptoglobin, ceruloplasmin and α-1 anti‐
trypsin in cows with summer mastitis (septic mastitis) and clinically healthy cows. In all cows
with mastitis, they found elevated concentrations of Hp, whereas in healthy cows the Hp
values were undetectable. Moreover, all cows with summer mastitis included into this study
had significantly higher concentrations of ceruloplasmin and α-1 antitrypsin in comparison to
cows without mastitis. Skinner et al. [81] concluded that Hp concentrations of 0.2 g/l and above
in cows with mastitis may indicate early or mild infection, while values higher than 0.4 g/l
indicate severe infection.

The usefulness of acute phase proteins in the diagnosis of mastitis was investigated by Hirvo‐
nen et al. [94] in pregnant heifers experimentally infected with Actinomyces pyogenes, Fusobacte‐
rium necrophorum and Peptostreptococcus indolicus. They evaluated also the prognostic value of
selected acute phase proteins (haptoglobin, fibrinogen, acid-soluble glycoproteins and α1-
proteinase  inhibitor)  in  the  infected  animals.  According  to  the  aforementioned  authors,
fibrinogen was a reliable indicator for detecting the presence of bacterial infection in all heifers,
but not as a prognostic indicator for mastitis, as they found no significant differences in the
production of Fbg between animals which recovered and those without response to treat‐
ment. They indicated Hp and acid-soluble glycoproteins as the most effective markers in the
determination of the severity of infection and in predicting the final outcome of the disease in
heifers with mastitis. The concentrations of Hp increased significantly in the infected heifers
with the maximum values reached after 2 – 3 days after inoculation. However, the Hp re‐
sponse was different between moderate and severely affected animals. Hirvonen et al. [94]
reported that in severely infected heifers, the concentrations of Hp were four times higher than
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in the moderately affected heifers, and these values remained elevated 2 weeks after bacterial
inoculation. On the other hand, in the moderately affected heifers, haptoglobin returned to
normal values 5 days after the bacterial challenge. In a later study, Hirvonen et al. [95] exam‐
ined the changes in some acute phase proteins in cows with acute experimental Escherichia (E.)
coli mastitis and their role in predicting the outcome from the disease. The cows included into
this study were challenged with 1500 cfu of E. coli FT238 strain into one udder quarter, and 3
weeks later into the contralateral quarter. In the aforementioned study, the intramammary
infection with E.coli produced a clinical mastitis and induced an increase in the serum Hp and
SAA concentrations in all cows. The concentrations of Hp were normalized within 7 days, and
SAA values by the 6th day after inoculation. In addition, these authors found that the differen‐
ces between severely versus moderately or mildly affected cows with E. coli were present for
SAA, but not for Hp. The concentrations of SAA were related to the severity of the disease; in
cows with fatal mastitis the SAA concentrations progressively rose. Thus, serum amyloid A
appeared to be a promising indicator for the course of E. coli mastitis. Similar findings were
reported by Eckersall et al. [96] in cows with clinical mastitis (bacteria isolated including E. coli,
Staphylococcus aureus, Streptococcus uberis, Streptococcus dysgalactiae and Arcanobacter pyogenes).
They found significantly higher serum concentrations of Hp, as well as SAA in cows with both
mild and moderate mastitis compared to healthy cows. However, these authors observed no
significant differences between the cows suffering from mild and moderate mastitis.

The hypothesis that the major acute phase proteins in cows may be transferred into milk during
the acute phase response caused by mastitis was investigated by adapting the assays to
measure the concentrations of proteins in milk. Eckersall et al. [96] reported also that the most
of serum proteins leak into milk across the blood-mammary barrier as a result of the disruption
caused by the inflammation due to mastitis. Moreover, milk seems to be a better sample
material than serum for testing the concentrations of acute phase proteins during mastitis
(easier and quicker sample collection without stressing the animals). The potential value of
measuring the concentrations of acute phase proteins in milk as a means of detecting mastitis
in cows was assessed by Eckersall et al. [96]. According to their results, the milk samples from
cows with both mild and moderate mastitis had significantly higher Hp, as well as SAA
concentrations than the milk from healthy cows. Moreover, in milk samples from cows with
moderate mastitis, the SAA concentrations were significantly higher than in cows with mild
mastitis. On the other hand, in the milk Hp concentrations there were no significant differences
between the infected cows. Thus, the milk SAA concentrations seem to have a greater potential
for the detection of the severity of mastitis, since it has higher sensitivity and specificity in
differentiating cows with mastitis [96].

The SAA response in milk and plasma to experimental intramammary inoculation of E. coli in
cows was examined by Jacobsen et al. [97]. In this study, plasma and milk samples were
obtained from cows before and after intramammary inoculation with 50 cfu of a non-verotoxic
encapsulated strain of E. coli O:157. Prior to inoculation, the plasma and milk samples had no
or very low concentrations of serum amyloid A. All cows, regardless of the severity of infection,
showed elevated SAA concentrations in milk and plasma after inoculation. Milk SAA con‐
centrations began to increase between 6 and 12 hours after inoculation (approximately 80
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times), and plasma SAA values increased between 12 and 24 hours post inoculation. The rapid
increase in milk concentrations after intramammary inoculation of mastitis pathogens suggests
that SAA may be particularly suited for early detection of mastitis [98]. The fast return towards
baseline values after bacterial clearance suggests that milk SAA measurements may also be
used as indicators of treatment efficiency. In the study presented by Jacobsen et al. [97], cows
with severe mastitis had a particularly increased milk SAA concentrations at 48 hours after
inoculation, which stayed elevated throughout the study period. In cows with moderate and
mild mastitis, milk SAA values started to decrease at 60 and 48 hours after inoculation,
respectively. As cows with severe mastitis had higher milk SAA concentrations than cows with
moderate or mild mastitis, SAA may therefore serve as an indicator of the degree of tissue
damage and hence prognosis and expected production loss during episodes of mastitis. Higher
concentrations of Hp and SAA in serum and milk of cows with clinical mastitis were observed
also by Nielsen et al. [99]. In addition, these authors concluded that the concentrations of acute
phase proteins in milk significantly increased with increasing somatic cell count, which suggest
that these protein may indicate the severity of the infection.

Grönlund et al. [100] examined the concentrations of Hp and SAA in cows with naturally
occuring chronic sub-clinical mastitis. The comparison of acute phase protein concentrations
in quarter and composite milk samples was made also in this study. Almost all quarter milk
samples from healthy control cows had undetectable concentrations of Hp and SAA. In cows
with chronic sub-clinical mastitis, increased concentrations of both measured acute phase
proteins in milk were observed, indicating an activation of the acute phase response also in
cows with chronic mastitis, but the contents of Hp and SAA varied markedly. Haptoglobin
and SAA were detected by the aforementioned authors in 83 % of the examined composite
milk samples. Thus, according to Grönlund et al. [100], since cows had to have detectable
concentrations of Hp or SAA in at least two udder quarters for elevated values to be found in
the composite samples, analysis at the quarter level is preferable.

Further investigations showed an extrahepatic synthesis of specific isoform of serum amyloid
A directly from mammary epithelial cells (M-SAA) [32]. Therefore, M-SAA is believed to be
more sensitive indicator of mastitis, which accumulates in milk only during mammary
inflammation. The usefulness of M-SAA in the diagnosis of clinical and sub-clinical mastitis
in cows with various clinical findings on the mammary gland was investigated by Kováč et
al. [101]. Their results showed markedly higher M-SAA concentrations in milk samples from
quarters with clinical changes, as well as from quarters without clinical signs of mastitis, but
with strongly positive Californian Mastitis Test (Table 5). In addition, the concentrations of M-
SAA found in samples from mammary quarters without clinical changes were also relatively
high (mean value of 473.7 ng/ml), as the uninfected mammary quarters had to have very low
or undetectable concentrations of M-SAA. These results suggest that some quarters might be
affected by inflammatory process, but still without positive reaction of CMT. Elevated
concentrations of M-SAA in quarters with mastitis compared to healthy quarters were reported
also by Petersen et al. [102] and Nazifi et al. [103].
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Variable Groups of cows K-W

PI. (n=7) II. (n=12) III. (n=13) IV. (n=9)

M-SAA

(ng/ml)

x 325.7A,B 1433.1a 3910.4A 6073.8B,a < 0.001

± SD 173.8 949.2 2145.8 4414.0

Hp (mg/ml) x 0.046 0.122 0.299 0.329 < 0.05

± SD 0.053 0.263 0.314 0.339

SAA (μg/ml) x 29.7 27.6a 48.2 71.5a < 0.05

± SD 27.6 28.0 42.5 31.5

The same superscripts in rows mean statistical significance of differences in measured concentrations between the groups
of cows: a – P < 0.05; A, B – P < 0.001

K-W – Kruskal-Wallis analysis; P – significance of the analysis

Groups of cows: I – cows without clinical findings on the mammary gland and with negative CMT, II – cows without
clinical findings on the mammary gland and with weakly positive CMT, III – cows without clinical findings on the mammary
gland and with strongly positive CMT, IV – cows with clinical changes and changes in the milk appearance

Table 5. The concentrations of M-SAA, Hp, and SAA in dairy cows with various findings on the mammary gland [101]

The response characterized by increased synthesis of M-SAA is specific for the quarter and
does not necessarily result in detectable concentrations in composite milk samples. The results
presented by Kováč et al. [101] showed similar trend of changes in the concentrations of M-
SAA in composite milk samples and in samples from separate quarters, but the values
measured were lower in composite milk samples, which suggest a diluting effect of milk from
quarters with less marked changes (Table 5). Grönlund et al. [100] reported also some inter‐
pretative problems by the use of composite milk samples if only one quarter is sub-clinically
infected. Therefore, it seems that composite milk samples are less suitable for detection of sub-
clinical mastitis than samples from separate mammary quarters. In addition, the results
presented by Kováč et al. [101] showed in cows with clinical mastitis higher concentrations of
Hp and SAA in blood serum (Table 5), which suggest that localized severe inflammation of
the udder is sufficiently intense to induce a measurable systemic acute phase response.
However, the finding that the differences in serum Hp and SAA concentrations observed
between the groups of cows with various clinical findings on the mammary gland were less
significant than the differences in M-SAA concentrations means that the measuring of serum
concentrations of some acute phase proteins would be less useful to the evaluation of the
severity of mastitis than the measuring of the concentrations of M-SAA directly in milk
samples.

7.2.2. Acute phase proteins in cows after parturition and cows with peripartum reproductive disorders

The period after parturition is the most critical period in dairy cows regarding health status
and production. Factors such as pregnancy, parturition, blood calcium concentrations,
initiation of lactation and feed intake all affect the ability of the cow’s immune system to
effectively combat infections. The periparturient period is the time where these complex
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physiological changes occur simultaneously, having a significant effect on the animal’s health
[104]. Parturition, changes in homeostasis, metabolic and physiological challenges occuring in
this stressful period, as well as other external and internal harmful stimuli may contribute to
the activation of host immune system and inflammatory responses, including the initiation of
the production of acute phase proteins. Major bovine acute phase proteins, haptoglobin and
serum amyloid A, play an important role also in the reproductive processes, they intensify the
phagocytosis process against the pathogens introduced into the uterus, and help by the
reconstruction of the endometrium [105].

Saini et al. [106] reported that lactation and pregnancy in cattle appeared to have no effect on
the Hp concentration in blood serum. However, according to Gymnich et al. [107] haptoglobin
concentrations undergo significant changes around parturition, and in horses and cows the
highest concentrations were observed 1 day post partum. Uchida et al. [108] evaluated the
concentration of Hp in cows in the periparturient period and they observed significantly higher
values around parturition than before and after parturition. Similarly, Ametaj [109] and
Tóthová et al. [110] reported in cows after parturition an increase of two main acute phase
proteins, Hp and SAA. According to the results presented by Chan et al. [111], the SAA
concentrations in healthy cows reached the highest values within 3 days after the delivery
(mean value of 66 mg/l). The Hp concentrations in the most of the evaluated animals were
higher than 130.9 mg/l within 3 days after calving. Parturition with following metabolic
challenges constitutes a potentially stressful event for the dairy cow. One of the ways how an
animal can manifest stress is in the form of activated acute phase response, including the
increased production of acute phase proteins by the liver. According to Alsemgeest et al. [112],
the physiological processes taking place around the time of parturition are mainly responsible
for higher concentrations of acute phase proteins in blood serum. Regassa and Noakes [113]
reported that higher values of acute phase proteins could be related to the tissue damage
occuring due to the increased myometrial activity during expulsion of the calf, involution of
the uterus, as well as degeneration and regeneration of the endometrium. Young et al. [114]
found that higher concentrations of these proteins, determined in the last phase of pregnancy
and after calving may be connected with the changing hormone profile (the influence of
estrogens and progesterone). In addition, it is worth pointing out that the increase in acute
phase protein concentrations in cattle may be caused also by the increased concentrations of
cortisol [115].

Postpartum endometritis  is  a  common problem in  cattle,  because  uterine  contamination
following calving is frequent, but most cows are able to eliminate bacteria from the uterus within
2 to 3 weeks after calving without manifesting marked clinical signs of the disease. However,
cows that can not eliminate the infection may subsequently develop endometritis. Skinner et al.
[81] reported that Hp concentrations are high in cows with metritis, with mean serum Hp
concentration in cows with severe metritis of 1.04 g/l. Chan et al. [116] evaluated clinically healthy
cows and cows with postpartum reproductive diseases after calving, and the Hp concentra‐
tions in clinically diseased cows (1133.5 mg/l) were significantly higher than in clinically healthy
cows (104.6 mg/l). In a later study presented by Chan et al. [111], cows with acute puerperal
metritis had significantly higher Hp concentrations than those in healthy cows throughout the
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6 months after delivery. The highest Hp concentration was found in the period of 3 days after
parturition (1.1 g/l), and for SAA concentrations 4 – 7 days post partum (85 mg/l). However,
postpartum metritis does not necessarily need to be manifested by general clinical signs of the
disease; frequently only subfertility and a decrease of the milk yield are found. Moreover, various
cows with mild uterine inflammation are able to restore health spontaneously without more
serious consequences. Low Hp concentrations were found by Smith et al. [117] in cows with toxic
puerperal metritis. Hirvonen et al. [118] reported also that the Hp concentrations remained low
or moderate in the most of cows with acute postpartum metritis. However, the data obtained in
recent years suggest that acute phase proteins may be used as early predictors or risk factors for
metritis. Huzzey et al. [119] showed that cows with Hp concentrations higher than 1 g/l at day
3 post partum were 6.7 times more likely to develop mild or severe metritis. Similarly, Dubuc et
al. [120] concluded that Hp concentrations higher than 0.8 g/l in the first week after parturition
are a risk factor for endometritis, as well as purulent vaginal discharge.

The usefulness of acute phase proteins by the evaluation of the efficiency of therapy was
investigated by Mordak [121] in cows with retained placenta (with or without manual removal
of the membrane). The highest Hp concentration they found in cows where the placenta had
been expelled after 4 days (2.22 g/l), and the lowest in cows where the placenta had been easily
removed manually (0.9 g/l).

7.2.3. Acute phase proteins in cows with hoof diseases and lameness

Bovine lameness and hoof diseases represent one of the major health problems for the dairy
industry, and raise important questions about economic aspects and welfare issues in agri‐
culture [122]. Economic losses arise from decreased milk production, poor performance,
fertility problems, increasing culling rates and treatment costs. The predominant hoof
problems causing lameness in cows are sole ulcers, white line abscesses, interdigital phleg‐
mons and digital dermatitis [123]. Disorders in the locomotory system (due to damaged tissues,
painfull processes, impaired homeostasis) may lead to a systemic acute phase response
characterized by higher concentrations of some acute phase proteins. Therefore, some acute
phase proteins may be useful in the early detection of lame cows in order to limit the losses
related to lameness.

Variables Groups of animals P

Healthy (n = 23) Sick (n = 35)

Hp (mg/ml) 0.094 ± 0.086 0.450 ± 0.601 < 0.05

SAA (μg/ml) 12.70 ± 16.80 113.90 ± 55.66 < 0.001

Fbg (g/l) 2.19 ± 0.37 2.95 ± 0.65 < 0.001

P – significance of the differences in measured values between healthy and sick animals, n. s. – non significant

Table 6. Comparison of the concentrations of evaluated acute phase proteins in healthy animals and heifers with hoof
diseases (mean ± SD) [125]
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The usefulness of acute phase proteins in the detection of lame cows was evaluated by Kujala
et al. [124]. They investigated the acute phase response, including the concentrations of Hp
and SAA in cows with sole ulcers and white line diseases. Their results showed higher
concentrations of SAA in lame cows than in healthy animals, with values elevated from day 0
until days 7 – 8. The SAA concentrations started to decrease on day 14. In the serum Hp
concentrations, no significant differences between healthy and lame cows were found.
Significantly higher concentrations of Hp, SAA, as well as fibrinogen were found by Tóthová
et al. [125] in heifers with hoof diseases (including pododermatitis, laminitis, sole ulcer, and
digital dermatitis) compared to healthy animals (Table 6). Laven et al. [126] evaluated the
concentrations of Hp, Fbg, ceruloplasmin and seromucoid in first lactation heifers with hoof
horn haemoorhagies to determine the relationships with the development of the disease.
However, they found any relationships between the presence of acute phase response and the
development of hoof horn haemorrhagies in heifers after calving.

The presence of acute phase response in association with lameness due to claw disorders was
investigated by Smith et al. [127] in dairy cattle on a commercial farm. In addition, they
evaluated the effect of treatment on the acute phase protein concentrations and thus measured
the effectiveness of the treatment. Into the evaluation they included cows diagnosed with
pododermatitis septica, pododermatitis circumscripta, interdigital necrobacillosis and
papillomatosis, digital dermatitis, as well healthy cows as control animals. The concentrations
of serum Hp of all healthy cows without lameness were undetectable. Lame cows with any of
the presented claw disorders were found to have increased serum Hp concentrations. In
animals with pododermatitis septica and interdigital necrobacillosis, the Hp concentrations
decreased after the treatment between days 1 to 5, which indicated effective treatment for these
disorders. In contrast, treatment did not affect the concentrations of Hp in animals with
pododermatitis circumscripta. Jawor et al. [128] evaluated the concentrations of acute phase
proteins at selected time points during the treatment of cows with limb diseases with an aid
to monitor the treatment and as an early predivtive marker of possible complications. In the
examined cows, arthritis, sole ulcer, and white line disease were the most often diagnosed
diseases. The highest concentrations of Hp, SAA and Fbg were recorded at the beginning of
the treatment. In the cows, in which the treatment process went without complications, a high
gradual decrease of acute phase protein concentrations was observed. This proved that the
treatment applied was appropriate and that it contributed towards reducing the inflammatory
process in cows. In cows with further complications (e.g. wound infections, bronchitis, the
occurence of other inflammatory states of the limbs), they found increases in one or two of the
measured acute phase proteins at the next blood collection. This indicates that these cows had
not completely recovered and the treatment should be continued.

7.2.4. Acute phase proteins in cows with abdominal disorders

The usefulness of the measurement of acute phase protein concentrations in cattle, predomi‐
nantly of fibrinogen, has been described in traumatic pericarditis, reticuloperitonitis, abomasal
displacement, and by the monitoring of postoperative complications, as well as by the
differentiation of reticuloperitonitis from other gastrointestinal disorders [51,129]. Very high
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plasma Fbg concentrations were reported by McSherry et al. [130] in cows with pericarditis
and peritonitis.

After abdominal surgery, the condition of the patient is usually followed-up by physical
observation. As complications are frequent, a more accurate indicator of their occurrence and
severity would be valuable. Therefore, Hirvonen and Pyörälä [51] evaluated the usefulness of
Fbg and Hp in the diagnosis of traumatic reticuloperitonitis in dairy cows. In addition, they
studied how abdominal surgery affects these parameters, and whether they can be used to
predict recovery from abdominal disorders. In this study, the preoperative Fbg and Hp
concentrations in cows with traumatic reticuloperitonitis were significantly higher than those
for cows with abomasal displacement or explorative laparotomy. The plasma Fbg values in
cows with traumatic reticuloperitonitis remained high for about 2 days after surgery. The Hp
concentrations in these cows showed only a small increase, which was followed by a steady
decrease during the late hospitalization phase. However, the concentrations of both Fbg and
Hp remained above normal values at the time of hospital discharge. Moreover, the values
measured correlated well with the clinical findings from those cows with traumatic reticulo‐
peritonitis. Thus, Hirvonen and Pyörälä [51] concluded that these proteins may be attractive
parameters for the evaluation in the diagnostic of traumatic reticuloperitonitis.

According to McSherry et al. [130], displacement of the abomasum does not usually induce a
significant fibrinogen response. In the study presented by Jawor et al. [131] the Fbg concen‐
trations in cows with displaced abomasum were within normal values. Significant changes
during the post-operative monitoring were found only for SAA concentrations. Nazifi et al.
[132] evaluated the possible relationships between cardiac diseases (functional murmurs,
pathologic murmurs, endocarditis, and pericarditis) and the concentrations of acute phase
proteins in dairy cattle. In this study, cases with pericarditis and endocarditis had higher Hp
and SAA concentrations than the cows with functional and pathological murmurs. In addition,
the concentrations of the both measured acute phase proteins were lower in cows with
endocarditis than those measured in cows with pericarditis, which suggest that the measure‐
ment of acute phase proteins can be helpful in differentiating an acute inflammatory condition
like pericarditis from other cardiac disorders.

8. Acute phase proteins in swine diseases

Acute phase protein testing offers a tool for assessing a health status also in pig production
systems. An important practical aspect in the pig production is the sub-clinical condition that
does not lead to overt disease but may cause suboptimal growth and decreased welfare. A
number of investigations indicate the ability of acute phase protein measurements to reveal
such conditions [133,15]. In addition, lower gaining pigs were found to have higher acute phase
protein levels than high gaining pigs [134].

Porcine C-reactive protein has been found to rise in experimental models of Mycoplasma hyorhinis,
Toxoplasma gondii, Actinobacillus pleuropneumoniae and porcine reproductive and respiratory
syndrome virus infection [135]. Sorensen et al. [136] evaluated the acute phase response in the
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pigs experimentally infected with Streptococcus (S.) suis serotype 2. Already on day 1 after
inoculation, the CRP concentrations increased sharply in all animals and in general reached the
maximum values between days 1 and 5 after infection, showing an approximately 10-fold
increase as compared to initial values. From around day 8 post inoculation, the response started
to decrease. The SAA concentrations rose sharply in all pigs on day 1 after infection with S.suis.,
and peaked already on days 1 and 2, reaching peak levels of at least 30 – 40 times the values before
infection. Regarding the Hp concentrations, its values increased from the day 1 after inocula‐
tion in all animals, but increase was less marked compared to CRP and SAA. In addition, the
acute phase response following inoculation with S. suis was closely correlated with the clinical
signs and pathological lesions typical to S. suis infection. Thus, Sorensen et al. [136] concluded
the usefulness of acute phase proteins in the detection of ongoing S. suis infection. The useful‐
ness of serum haptoglobin in the determination of progressive atrophic rhinitis in pigs was
evaluated by Francisco et al. [137]. They investigated the serum Hp concentrations in growing
swine after intranasal challenge with varying doses of Pasteurella (P.) multocida type D (toxigen‐
ic strain) and Bordetella (B.) bronchiseptica. While increasing doses of P. multocida tended to increase
serum Hp concentrations, increasing the dose of B. bronchiseptica was associated with reduced
Hp values in this model. Significant positive correlations of the Hp concentrations and atro‐
phic rhinitis scores were found by the aforementioned authors, indicating that increased serum
haptoglobin is associated with higher incidences of atrophic rhinitis in swine. Quereda et al.
[138] investigated the diagnostic value of acute phase proteins in the determination of pig
infectious wasting diseases. They evaluated pigs from farms in which postweaning multisyste‐
mic  wasting  syndrome  (PMWS)  and  porcine  respiratory  disease  complex  (PRDC)  were
diagnosed. In this study, serum Hp concentrations were significantly higher in pigs with PMWS
and PRDC than in the specific pathogen free pigs. The serum CRP and SAA concentrations were
significantly higher in pigs with PMWS than in healthy pigs. However, there were no signifi‐
cant differences for these proteins between healthy and PRDC pigs. In addition, Quereda et al.
[138] concluded that CRP and SAA could be used as a complementary tool to monitor the existence
of lymphoid depletion, and Hp could provide information about the severity of this depletion.

The relationships between the serum concentrations of acute phase proteins and the appear‐
ance and severity of lesions in pigs at slaughter was evaluated by Pallarés et al. [139]. They
determined whether the concentrations of acute phase proteins could be used as markers for the
presence of lesions and as a tool to detect sub-clinical disease in fattening pigs. In the aforemen‐
tioned study, the concentrations of CRP in pigs with clinical signs of diseases and poor body
condition were significantly higher than in apparently healthy pigs with gross lesions at slaughter
(about 2.1 fold higher) and in apparently healthy pigs without gross lesions at slaghter (about
2.6 higher). Moreover, they found significant differences between apparently healthy pigs with
marked lesions and without marked lesions at slaughter. Similar findings were recorded also in
the serum Hp concentrations. For the concentrations of SAA, although the values recorded in
pigs with clinical diseases were significantly higher than in apparently healthy pigs,  the
differences between pigs with gross lesions and without gross lesions were not significant. In
addition, the serum CRP concentrations were significantly higher in pigs showing lesions in the
lungs and one or more other organs compared to pigs showing lesions only in the lungs. Thus,
the results presented by Pallarés et al. [139] indicate that the serum concentrations of CRP, SAA,
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as well as Hp can be used as markers of clinical diseases in pigs. These findings agree with those
of Chen et al. [140], in which serum Hp and CRP concentrations were significantly higher in
culled pigs than in clinically healthy pigs. However, according to Pallarés et al. [139], only Hp
and CRP could be used as markers of the presence of lesions at slaughter, since they appear to
differentiate apparently healthy pigs with lesions from pigs with no lesions. The presence of
elevated serum Hp and CRP concentrations in apparently healthy pigs at slaughter could provide
important information to a veterinary inspector about the presence of sub-clinical lesions that
could lead to condemnations or a decrease in the quality of carcasses.

9. Conclusion

The objective determination of animal health is important due to the increasing focus of
consumers and farmers on the welfare of animals. As non-specific markers of inflammation,
acute phase protein testing is a useful tool for the assessment of health in general, to monitor the
health state, the spread of infection or the efficacy of treatment. The measurement of acute phase
proteins may also be useful in defining the objective health status of an animal or a herd. They
are reliable biomarkers that can be used both in diagnostic approaches and for research purposes.

Practical uses and advantages of acute phase protein assays have been described in a large
number of scientific reports published in the last few years. Clinical application of acute phase
proteins has not been extensive in routine clinical animal practice due to practical limitations
associated with their analysis. The most of the methods available for measuring specific acute
phase proteins are immunological methods, which are time-consuming and relatively
expensive, so limiting the wide-scale use of acute phase proteins in routine practice. Seeing
that there is a broad spectrum of possible applications of acute phase protein based diagnostics
for the use in ruminants and swine, it is necessary to develop and optimise rapid field tests
that allow the determination of acute phase proteins in a short time period.

Despite the challenges in the determination of acute phase proteins, with the insights provided
by ongoing research in this area, it is likely that these analytes will be increasingly used in the
diagnosis and prognosis of diseases also in farm animal medicine. Acute phase proteins have
proven to be very useful in the early detection of sub-clinical diseases or alterations of the
health status of an animal, with predictive information regarding the development of disease.
Changes in the serum concentrations of acute phase proteins indicate the need for a more
detailed clinical evaluation of a patient. In addition, acute phase proteins can be a powerful
tool in the monitoring of treatment.
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1. Introduction

α1-acid glycoprotein (AGP), also called orosomucoid, is an acute phase protein in blood. AGP
is comprised of 183 amino acid residues and five N-linked oligosaccharides, with a molecular
weight of approximately 44 kDa.[1-3] The five carbohydrate chains account for about 40% of
the total mass and render AGP very soluble and confer acidic (pI~2.8-3.8) properties with a
net negative charge at physiological pH.[1, 4] While AGP is mainly biosynthesized in the liver
and secreted into the circulation,[5, 6] other organs including the heart, stomach and lungs
have been reported to synthesize and secrete AGP as well.[1] The basal level of AGP is
maintained at approximately 20 µmol/L in healthy individuals.

The biological role of AGP is not completely understood, albeit numerous in vitro and in vivo
activities such as the inhibition of platelet aggregation, modulation of lymphocyte proliferation
and drug transport, have been reported. [4, 7-10] AGP may be involved in various immuno‐
modulatory or anti-inflammation events for the following two reasons. First, the expression
of AGP is regulated by both cytokines (interleukin-1, interleukin-6 and tumor necrosis factor-
α) and glucocorticoids, unlike other acute phase proteins including fibrinogen, ceruloplasmin
and α2-microglobulin, which only by interleukin-6.[11-14] The regulation of AGP production
in human hepatocytes by glucagon, interleukin-8 and the interleukin-6 is thought to act via
mitogen-activated protein kinase (MAPK) pathway. [15] Furthermore, endogenous and
exogenous AGP was found to present at sites of inflammation in rats with inflammatory
granuloma in a study using fluorescent labeled antibody to AGP or iodine125 labeled AGP.
[16, 17] Secondly, it is well known that the plasma concentration of AGP is influenced by



several factors. For example, stresses, inflammation, burns, infections and pregnancy etc. can
increase AGP concentration from 2 - to 10 – fold.[18-20] In addition, drugs such as phenobar‐
bital and rifampicin can also increase the concentration of AGP in plasma [21-24], via mecha‐
nisms that are independent of the inflammation pathway. [25-28]

Similar to plasma albumin, the binding and transportation of a range of endogenous and
exogenous compounds is one of the major physiological functions of AGP.[29] Therefore, drug
binding to AGP is important in terms of the correct understanding of pharmacokinetics of
drugs, especially during acute phase conditions. We have been investigating the drug-binding
specificity and pharmacokinetic properties of AGP using various biophysical and biochemical
analytical methods such as spectrophotometry and protein engineering for the past twenty
years. Furthermore, we recently succeeded in elucidating the first structure of the AGP (variant
A) and its complex with drugs.[30]

In this chapter, a brief overview of the structures of the two AGP variants, characterization of
the drug-binding, pharmacokinetic properties and the biological functions of AGP are
discussed.

2. Variants of AGP

AGP exists as three main genetic variants with the genes located in tandem on chromosome
9.[31] The expression of AGP is under the control of three adjacent genes; AGP-A, which
encodes the F1, F2 and S variants, whereas AGP-B and AGP-B’ encode the A variant.[32] All
three genes are structurally similar to each other, the AGP B/B’ genes are identical whereas the
AGP A gene contains 22 codon/base substitutions.[33] The precursor product of the AGP-A
gene is a 201 amino acid polypeptide with a secretory N-terminal signal peptide of 18 residues.
The F1 and S variants are distributed worldwide, but the F2 variant is limited to Europeans
and West Asians.[34-36] The F1, F2 and S variants are generally collectively referred as F1*S,
because they are encoded by two alleles of the ORM1 gene (AGP-A) differing in less than five
amino acids (F1 has Gln-38/Val-174; F2 has Gln-38/Met-174 and S has Arg-38/Val-174). On the
other hand, the A variant is coded by the ORM2 gene (AGP-B/B’) with approximately 20 amino
acid substitutions. The F1*S and A variants differ in their amino acid sequences by approxi‐
mately 20 residues out of a total of 183 residues (Figure 1).[37]

In most individuals, the molar ratio of the F1*S and A variants in blood typically ranges from
3:1 to 2:1.[36, 38] However, the relative proportions of the products of the AGP-A and AGP-
B/B’ genes have been found to change during acute phase reactions.[39, 40] Vékey and co-
workers reported that the molar ratio of the F1*S and A variants was in the vicinity of 8:1 in
the plasma of lymphoma, melanoma and ovarian cancer patients.[41] This means that not only
the total concentration of AGP but also the molar ratio of the F1*S and A variants may be altered
under certain types of pathological conditions. As mentioned in the introduction, the binding
and transportation of a range of endogenous and exogenous compounds is one of the major
physiological roles of AGP.[29] Furthermore, the F1*S and A variants have different drug-
binding selectivity (for details, see section “4”, “drug-binding properties”).[42] Therefore, an
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increase in AGP concentration and a change in the ratio of the AGP (F1*S and A) variants
would affect the pharmacokinetics and pharmacodynamics of drugs that are bound to AGP
during inflammation and chronic disease.

3. Structure

3.1. Glycosylation

AGP has five N-linked glycans that make up more than 40% of the total mass of the mol‐
ecule.[3] The N-glycosylation sites of AGP (Asn-15, -38, -54, -75, -85) can carry any one of
the glycans shown in Figure 2  corresponding to different  degrees of  branching (bi-,  tri-
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Figure 1. Amino acid sequence of the human AGP F1*S and A variants. Differences in the amino acid sequences of the
two variants are shown in red letters.
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and tetra-antennary).[1] These glycans are structurally heterogeneous due to the great di‐
versity of the terminating sugars. As shown in Figure 2, sialic acid is one of the common
terminating sugars,  and can be  linked to  a  galactose  residue via  either  an α2-3  or  α2-6
linkage. In addition, fucose is another known terminating sugar, which increases the ex‐
pression of the four sialyl Lewis epitope (LewisX) in both acute and chronic inflammation
conditions. [43-47] These different degrees of branching and terminating sugars cause the
heterogeneity of AGP, at least 20 types of glycan structures in AGP have been reported.
[48, 49] Halsall and coworkers investigated the distribution of oligosaccharides at the five
glycosylation  sites  in  distinct  AGP  variants  using  concanavalin  A  affinity-chromatogra‐
phy,  reverse  phase-high performance liquid chromatography (RP-HPLC) separation and
off-line MALDI-Mass spectrometric  analysis,  and found that  the percentage of  the com‐
plex glycan type at each site in the three AGP variants was different.[50] In addition, us‐
ing  capillary  liquid  chromatography-electrospray  mass  spectrometry  to  characterize  the
N-linked glycosylation pattern of AGP, Imre et al. reported that (i) triantennary complex-
type oligosaccharides predominate at  site  I  (Asn-15)  and II  (Asn-38),  (ii)  tetra-antennary
complex-type  oligosaccharides  predominate  at  sites  III  (Asn-54),  IV  (Asn-75)  and  V
(Asn-85), (iii) sites IV and V also present a higher degree of branching and/or longer an‐
tennae.[51]

The glycosylation of AGP has been reported to change under various physiological and
pathological states. [52] For example, a substantial increase in bi-antennary glycoforms as well
as an increase in the degree of 3-fucosylation occurs in the early phase of an acute-phase
reaction.[53] The AGP in cancer patients (lymphoma, ovarian tumor etc.) was found to have
increased both sialylation and fucosylation, and different relative proportions of the total
amounts of bi-, tri- and tetra-antennary sequences.[48, 54, 55] Furthermore, other pathological
conditions like chronic inflammation, pregnancy, rheumatoid arthritis, alcoholic liver cirrho‐
sis, sepsis are also known to cause changes in AGP glycosylation.[33, 56-60] Whether the
changes in AGP glycosylation have any effect on the biological functions of AGP remains
unknown. However, the presence of glycans has been reported to affect the conformational
stability and post-translational modification of the folding process of glycoproteins, which
include HIV-1 type-glycoprotein 123, quercetin 2, 3-dioxygenase, α1-antitrypsin and prion
protein.[61-64] Therefore, it is highly possible that the changes in AGP glycosylation that occur
under various pathological conditions may serve to either protect the AGP protein from
exogenous stress or facilitate various immunomodulatory or anti-inflammation events.

3.2. Protein

Highly heterogeneous carbohydrate chains of the AGP molecule makes it difficult to reveal
the 3D-structure of AGP. For structural determination by X-ray crystallography, the glycans
must be removed from AGP using enzymatic methods, but these procedures fail to completely
remove all of the glycan structures, due to following reasons; (i) AGP must be denatured and
the disulfide bonds must be reduced to allow the enzyme to digest all glycans. (ii) AGP that
is enzymatically deglycosylated is much less soluble in water, thereby resulting in uneven
digestion and may create a mixture of polymerized forms. Hence, structural data cannot be
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obtained from enzymatically deglycosylated AGP. In 2003, Kopecky et al. constructed a 3D-
structure model of AGP using a combination of vibrational spectroscopy and molecular
modeling, and concluded that folded AGP is a highly symmetrical all-beta protein that is
dominated by a single eight-stranded antiparallel beta-sheet.[65] In addition, investigations
using circular dichroism (CD) spectra and molecular modeling techniques suggest that AGP
has an inherent tendency to form an α-helical structure and that His-172 of AGP plays an
important role in the formation of an α-helical structure.[66-69]
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Figure 2. Di-, tri- and tetra-antennary N-linked complex glycans of human AGP. Dotted frame shows Sialy Lewis X.
Man, mannose; GluNAC, N-acetylglucosamine; Fuc, fucose; Sia, sialic acid; Gal, galactose; Asn, asparagines; Ser, serine;
Thr, threonine; X, any amino acid residue except proline
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Skerra and co-workers recently reported the first high-resolution X-ray structure of the
recombinant unglycosylated F1*S variant of human AGP expressed from Escherichia coli at a
1.8 Å resolution (Figure 3A). [70] In addition, we have also determined the crystal structure of
a C149R mutant of the human AGP A variant, in which a surface-exposed Cys residue was
replaced by an Arg residue (as found in F1*S variant), using expression systems in Escherichia
coli at a resolution of 2.1 Å (Figure 3B).[30] Our findings showed that the F1*S variant has a
typical lipocalin folding pattern comprised of an eight-stranded β-barrel, corresponding to
residues 24–32, 45–54, 58–68, 71–82, 86–92, 95–103, 109–114, and 123–128, respectively. On the
other hand, the A variant is composed of eight β-strands, corresponding to 23–32, 44–54, 59–
68, 71–82, 87–92, 95–102, 109–114, and 123–128, respectively. In addition, the F1*S variant
contains the characteristic α-helix comprises residues 135–148 that packs against the β-barrel,
and the A variant has four α-helices, 1–4, corresponding to 15–21, 35–42, 135–147. These results
suggest that the overall folding pattern of F1*S and A variants are the same. It is noteworthy
that the binding pocket of the F1*S variant is wide and consists of three lobes (I–III),[70] while,
in the A variant, lobes I and II are maintained, but not lobe III.[30] This difference indicates
that the binding region of the human AGP A variant is narrower than that of the F1*S variant,
a difference that may be a contributing factor to the variants distinctive ligand binding
selectivity.

4. Drug-binding properties

AGP exists in a mixture of two or three genetic variants. Herve´ et al. developed a method for
fractionating AGP variants, which permitted the binding of drugs to the A and F1*S variants
to be investigated,[71] and showed 35 chemically diverse drugs selectively binding to each
variant. [71-73] The A variant showed higher drug binding selectivity than the F1*S variant,
even though their structural properties are almost identical under physiological conditions.
[74] These findings indicate that the drug-binding selectivity of AGP is dependent on the
selectivity of the A variant, and that the F1*S variant binds a wider range of drugs. The X-ray
crystallographic structures of AGP A and F1*S variants have recently been reported by two
different groups showed that the binding pocket of the F1*S variant consists of three lobes (I–
III) whereas two lobes (I and II) are involved in the case of the A variant.[30, 70] This result
supports the view that the binding selectivity of the A variant is higher than that of the F1*S
variant reported by Herve´ et al.[71-73] The crystal structures of the human AGP A variant
complexed with disopyramide and amitriptyline, which bind to the A variant with a high
degree of selectivity, reported by Nishi et al. recently revealed conserved edge-face contacts
between the two aromatic rings on the drugs and the aromatic side chains of Phe-112 and
Phe-49.[30] In addition, Ser-114 in the A variant is involved in a water-mediated hydrogen
bond with the amide group of disopyramide. It is noteworthy that the residue at position 112
and 114 in the F1*S variant is leucine and phenylalanine, respectively. Therefore, the differ‐
ences in the amino acid residues between the A and F1*S variants of AGP at positions 112 and
114 appear to be crucial for the high selectivity of the A variant for disopyramide, amitriptyline,
and other A variant-specific drugs that contain two aromatic rings with similar configurations.
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Molecular docking and modeling using the crystal structures of the A and F1*S variants are
an alternate route to characterizing the drug-binding properties of AGP. Skerra and co-workers
modeled the mode of binding of diazepam and progesterone to the F1*S variant, and predicted
that (i) the polar diazepine ring of diazepam fits into the charged lobe II, resulting in the
formation of two hydrogen bounds between the carbonyl oxygen to the side chains of Glu-64
and Gln-66, and that the two ring nitrogens were in contact with Arg-90 and Tyr-127, respec‐
tively. (ii) progesterone fitted nicely into lobe I and both Tyr-127 and Ser-40 was crucial for its
binding.[70] Furthermore, Azad et al. characterized the binding properties of some polymyxin
antibiotics (colistin, polymyxin B, polymyxin B3, colistin methansulfonate, and colistin nona-
peptide) with AGP using a combination of biophysical techniques, and developed a molecular

(A) F1*S variant

(B) A variant

Figure 3. Figure 3 Crystal structures of the human AGP F1*S (A) and A variants (B) at a resolution of 1.8 Å and 2.1 Å,
respectively. Both illustrations were produced with PyMol using the atomic coordinates from Protein Data Bank, 3KQ0
for (A) and 3APX for (B).
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model of the polymyxin B3-AGP F1*S complex that showed the pivotal role of the N-terminal
fatty acyl chain and the D-Phe6-L-Leu7 hydrophobic motif of polymyxin B3 for binding to the
cleft-like ligand binding cavity of the AGP F1*S variant.[75] In addition to these drugs,
molecular docking models of imatinib, 6-mercaptopurine and thymoquinone, -AGP variants
complex have also been developed.[76-78]

CD and fluorescence spectrometry is also a useful tool for examining the drug-binding sites
of AGP. We found that electrostatic and hydrophobic forces have an important role in
interactions between AGP and basic drugs.[79, 80] Furthermore, the results of fluorescent
probe displacement experiments showed that basic drugs strongly displaced not only basic
probes, but also acidic probes.[81] On the other hand, acidic probes were displaced by acidic
drugs but had no effect on most of the basic probes. The results of the probe displacement
study suggest that acidic drugs do not bind to an identical binding region as basic drugs, while
acidic drugs do not share a binding region with basic drugs.

Photoaffinity labeling experiments and the use of chemically or genetically modified AGP can
provide direct evidence for the specific amino acid residue that is involved in drug binding.
The low distribution volumes of 7-hydroxystaurosporine (UCN-01), a protein kinase inhibitor
anticancer drug,[82, 83] in patients was caused, in part, by its extraordinarily high affinity and
specific binding (Ka = 108 M-1) to AGP.[84] Chemical modification of all His, Lys, Trp, and Tyr
residues of AGP by reacting them with diethylpyrocarbonate, a phenyl isocyanate, 2-hy‐
droxy-5-nitrobenzyl bromide, tetranitromethane, respectively, decreased the binding affinity
of AGP to UCN-01.[83] In particular, Trp-modified AGP showed a significant decrease in
binding. On the other hand, Zsila and Iwao used induced CD spectra and mutants of AGP to
investigate its drug-binding sites, and reported that Trp25 is also involved in the binding of
drugs to AGP.[85]

In addition, AGP mutants (W25A, W122A, and W160A)[86] photolabeled with [3H]-
UCN-01[87] revealed that only W160A showed a marked decrease in the extent of photoin‐
corporation. These results strongly suggest that Trp-160 and Trp-25 play an essential role in
the high affinity binding of UCN-01 to AGP. Furthermore, the displacement effects of propra‐
nolol, warfarin and progesterone on UCN-01-AGP binding were competitive in nature,[88]
indicating that the UCN-01 binding site on AGP is partly overlapped with the binding site for
basic drugs, acidic drugs, and steroid hormones.

Another investigation based on photoaffinity labeling experiments with [3H]-flunitrazepam,
also reported that [3H]-flunitrazepam photolabeled an amino acid residue within the sequence
of Tyr91-Arg105.[89] In addition, Kopecky et al., using Raman difference spectroscopy,
reported that Trp-122 is possibly involved in the binding of progesterone.[65] Furthermore,
Halsall et al. reported that the modification of His-97 with diethylpyrocarbonate was inhibited
in the presence of drugs that bind to AGP.[90] This finding suggests that, in addition to Trp-122,
His-97 also participates in the binding of drugs. Based on the inconsistent results obtained
from above mentioned studies, the binding sites do not appear to be completely separated,
but overlap significantly and are influenced by one another, and that AGP has a wide drug-
binding site that is common for basic, acidic and neutral drugs.
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The unexpectedly high plasma concentrations of UCN-01 after intravascular administration
in a clinical study in relation to preclinical studies (mice, rats, dogs) were found to be due to
the high-affinity binding of UCN-01 to human AGP.[84] Investigation of species differences
in the drug-binding properties of AGP is one of the important issues for the extrapolation of
drug-protein interactions from animals to humans. We previously reported that both dog and
bovine AGPs contain a basic ligand binding site and a steroid hormone binding site, which
significantly overlaps and affects each other, but do not contain an acid ligand binding site.[91]
On the other hand, the ligand binding site on human AGP consists of at least three partially
overlapping subsites: a basic ligand binding site, an acidic ligand binding site and a steroid
hormone binding site. Zsila et al. reported that chicken AGP is able to bind a broad spectrum
of ligands, indicating the existence of a broad common drug binding site.[92]

Drugs bound to AGP have been proposed to be incorporated into cells of organs and tissues
via membrane interactions.[93] The interaction of AGP with the membrane induces a structural
change in AGP, followed by the release of the bound drug. We recently reported on the
interactions of AGP with a model membrane using reverse micelles and liposomes.[68, 69] In
the interaction with liposomes, AGP was found to bind to the surface of a membrane via
electrostatic interaction. This interaction induced a structural change in AGP, which results in
a decrease in its drug-binding capacity. An interesting finding was that AGP underwent a
structural change to an α-helical form from a β-sheet form. We also found that the decrease in
drug-binding capacity caused by the interaction with the membrane was dependent on the
α-helix content of the AGP. These findings strongly suggest the existence of the AGP-mediated
transport of drugs (Figure 4). It is important, in the future, to reveal how much this system
contributes to overall drug transport into tissue.

5. Disposition

AGP is mainly biosynthesized in the liver and secreted into the blood circulation.[5, 6] In
addition to the liver, other organs including the heart, stomach and lungs etc. are also able to
synthesize and secrete AGP.[1] However, the disposition of endogenous AGP after being
secreted into the circulation is not fully understood. In 1961, Weisman et al. performed the first
pharmacokinetic study of AGP by administering 131I-labelled human AGP to convalescent
patients, and reported that the half-life of AGP in humans was approximately 5 days.[94] Bree
et al. also administered 125I-labelled human AGP (8.5 to 10 mg/patients) to seven male patients
who were admitted in the intensive care unit due to brain injuries, and reported the half-life
of AGP in humans (average half-life; 65 hour, range; 36.3-95.3 hour) was shorter than that
observed by Weisman et al..[95] In addition, they found that 60% of the administered AGP was
located within the central compartment while the remaining 40% was present in the extrava‐
scular space like albumin.[96] These data indicated that the half-life of AGP is at least 2-3 days.

Keyler et al. studied the pharmacokinetics of high-doses of human AGP in rats and concluded
that AGP could be safely cleared from the body even though the maximum serum AGP
concentration after infusion was more than twenty times the normal value.[97] Pharmacoki‐
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netic studies using mice and rabbits demonstrated that AGP was mainly distributed in the
liver.[98, 99] We also clarified that AGP was mainly incorporated into liver parenchymal cells
via a receptor-mediated pathway, and the hemoglobin β-chain located on liver plasma
membranes contributes to the intracellular uptake of AGP.[100, 101] These data suggest that
AGP is finally taken up by liver parenchymal cells via the hemoglobin β-chain and is then
degraded or eliminated from the body.

The glycans of AGP are known to be largely responsible for the pharmacokinetic proper‐
ties of the molecule, especially the elimination of AGP. The presence of glycans has been
found  to  contribute  in  preventing  accelerated  clearance  by  glomerular  filtration  in  the
kidney,  because AGP is  a  relatively small  protein of  approximately 44 kDa.  In order to
clarify  the role  of  glycans in  the  renal  elimination of  AGP,  we prepared a  recombinant
glycan-deficient  AGP by mutating the five Asn residues to Asp residues using a Pichia
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Figure 4. Proposed mechanism of AGP-mediated drug transport and drug-binding region of AGP. (modified from ref‐
erence 29)
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expression system and studied the pharmacokinetics of this recombinant glycan-deficient
AGP in  mice.[101]  The glycan-deficient  AGP was eliminated from the  blood circulation
very  rapidly,  due  to  filtration  in  the  kidney.  In  addition,  McCurdy et  al.  also  obtained
similar results using glycan-deficient AGP in rabbits.[99]

An asialoglycoprotein receptor has been reported to be associated with the incorporation of
AGP into liver tissue.[102] Regoeczi et al. studied the pharmacokinetics of asialo-AGP in
chickens and rabbits, and suggested the possibility of the presence of a naturally occurring
terminal catabolic point of AGP that was related to hepatic uptake via a hepatic plasma
membrane receptor (an asialoglycoprotein receptor).[103] On the contrary, Ikeda et al. reported
that the pharmacokinetics of AGP did not change in mice that lacked the asialoglycoprotein
receptor compared to wild type mice.[104] In addition, the presence of a sialidase, which
digests sialic acid from glycans, has identified in lysosomes [105, 106], cytoplasm [107, 108]
and the plasma membrane [107, 109], but not in blood. These findings suggest that receptors
other than the asialoglycoprotein receptor are involved in the incorporation of AGP into
tissues. We investigated the pharmacokinetics of asialo-AGP (sialic acids removed), and
agalacto-AGP (both sialic acids and galactose removed) in mice.[98] Whilst the elimination of
111In labeled-AGP, -asialo-AGP and -agalacto-AGP from the circulation was suppressed by
excess unlabeled AGP, asialo-AGP and agalacto-AGP, respectively, interestingly, agalacto-
AGP but not asialo-AGP competed with AGP in uptake by the liver, while agalacto-AGP
competed with asialo-AGP in uptake by the liver. In addition, the results from a mice study
indicated that systemic hyaluronidase treatment decreased the initial clearance of AGP and
that AGP administration reduced the binding of hyaluromic acid binding protein to the vessel
wall of liver sinusoids. [99] These results suggest that AGP, including N-linked glycans,
interact with hyaluronan or hyaluronidase-sensitive component of the vessel wall which
influence the transendothelial passage of AGP. Based on these results, a new hepatic elimina‐
tion pathway involving at least two types of receptors, namely an asialoglycoprotein receptor
and another yet to be identified receptor, for AGP was proposed (Figure 5). This unidentified
receptor is shared with AGP, and AGP is directly taken up by the liver through such a receptor
and not via an asialoglycoprotein receptor.

The oligosaccharide chains of AGP have different degrees of branching (bi-, tri- and tetra-
antennary) that is influenced by the physiological conditions. The pharmacokinetics of AGP,
in turn, is also affected by the proportion of the bi-antennary glycans. Parivar et al. performed
the disposition of concanavalin A (Con A)-non-reactive, which contains only one bi-antennary
chains, and Con A-reactive human AGP, which contains two or more bi-antennary chains, in
normal male rats and acute phase response-activated rats induced by treatment with ethyny‐
loestradiol.[110] The clearance of both Con A-non-reactive and Con A-reactive human AGP
was significantly increased in the acute phase response-activated rats compared to normal rats.
The clearance of Con A-non-reactive human AGP was marginally higher than Con A-reactive
human AGP in the acute phase response-activated rats, but no difference was found in the
normal rats. These results indicate that the degree of branching of the glycans alters the
disposition of AGP.
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6. Biological functions

The several fold increase of AGP concentration in the circulation during an acute phase
response could influence the biological functions of the molecule in humans. [111] Although
the detailed biological functions of AGP has not been elucidated completely, the major
physiological roles of AGP reported so far involve the binding and transport of a range of
drugs and immunomodulating effects. These physiological roles of AGP have been reviewed
in section “4” and elsewhere.[1, 4] Thus, the scope of this section is limited to some interesting
observations for other roles.

Van Molle et al. found that bovine AGP with or without glycan chains inhibits the apoptosis
of hepatocytes induced by TNF/galactosamine and TNF/actinomycin D in mice via suppress‐
ing the activation of caspase 3 and 7, which is a key factor in inducing apoptosis.[112, 113] On
the contrary, Kagaya et al. reported that AGP inhibited the cell death of rat primary hepatocytes
that had been treated with a chemical toxin (bromobenzene), and the hepatoprotective effect
of AGP was lost when the sialic acid groups at the N-glycan chain terminal of AGP were
removed.[114] In addition, Karande and co-workers demonstrated the importance of sialyla‐
tion and glycan size in the manifestation of Glycodelin A for its induced apoptosis due to
accessibility to the apoptogenic region.[115, 116] These results indicate that AGP potentially
possesses anti-apoptosis or cytoprotective effects for hepatocytes which depends on both the

Secretion from liver

Glycans catabolized
by enzymes

Uptake by liver 
via receptor

Unknown receptor

Asialoglycoprotein
receptor

Parenchymal cell

AGP Agalacto-AGP Asialo-AGP

Figure 5. Proposed model of glycan dependent elimination pathway via transporter of AGP. yellow circle, mannose;
open square, N-acetylglucosamine; yellow square, sialic acid; open circle, galactose
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presence/absence of glycans and the type of terminal sugar. Moreover, Buurman and co-
workers demonstrated that human AGP decreases ischemia/reperfusion-induced damage to
kidney tissue by suppressing apoptosis, the expression of TNF-α and neutrophil influx.[117,
118] They also found that AGP inhibited the activation of the complement system in the
process, and that this protective effect was not associated with the fucosylation of the glycans
of AGP. These findings indicate that AGP can be used as a potential new therapeutic inter‐
vention in the treatment of acute hepatic and renal failure, as seen after the transplantation of
ischemically injured liver and kidneys.

AGP has also been reported to have a protective effect against sepsis from gram-negative
infections.[119] Moore et al. showed that AGP interacts with the bacterial lipopolysaccharide
(LPS), which is an initiator of the acute inflammatory response associated with septic shock,
resulting in the formation of an AGP-LPS complex. This complexation by AGP neutralized the
toxicity of LPS and enhanced the clearance of LPS from the body.[120] In addition, Hochepied
et al. demonstrated that AGP was effective against a lethal infection by Klebsiella pneumonia and
Bacillus anthracis.[119, 121] These results suggested that the increased AGP expression under
conditions of an infection facilitates LPS elimination, resulting in a protective effect against
endotoxin shock derived from the infection.

The effects of AGP on erythrocyte membranes have also been reported.[122-124] Maeda et al.
showed that human AGP is bound to the surface of erythrocytes, which facilitated the passage
of erythrocytes throughout artificial membrane filters with various pore diameters under
positive pressure, and a pronounced protecting effect against hemolysis during the filtration
was also observed.[122, 123] Furthermore, We demonstrated that human, dog and bovine
AGPs are able to stabilize the erythrocyte membrane by binding to the surface of the erythro‐
cyte.[124] At physiological concentrations, AGP protects erythrocytes from H2O2 due to its
antioxidant activity.[124, 125] According to these reports, an increase in the AGP content in
serum above the normal value found under pathological conditions facilitates the passage of
erythrocytes through capillaries, stabilizes erythrocyte membranes and protects against
oxidative stress, all of which are favorable properties for the microcirculation.

7. Conclusions

Since the initial discovery of AGP, numerous attempts have been made to study characteristics
of the molecule, but the actual roles of AGP are yet to be fully understood. Recent advances
in scientific technologies such as recombinant protein engineering provide novel and sophis‐
ticated tools to further elucidating the molecular and functional aspects of AGP. Among the
recent findings, high-resolution X-ray structural data for recombinant the unglycosylated F1*S
and A variants of human AGP would greatly promote the development of AGP research. In
the near future, it is expected that AGP, like albumin, fibrinogen and immunoglobulin, will
be developed for use in a variety of clinical situations.
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1. Introduction

Haptoglobin (Hp) is an acute phase protein present in the plasma of all mammals [1, 2]. One
important function of Hp is its high binding affinity to hemoglobin (Hb) in forming the Hp-
Hb complex that is metabolized through a receptor mediated process involving CD 163 of
macrophages[3, 4]. This function is clinically relevant since Hb possesses a highly oxidative
heme-group, producing reactive oxygen species when released from the red blood cells. On
the contrary, Hp is a potent antioxidant which is stronger than the therapeutic agent probucol,
which protects cells against oxidative stress [1, 5].

In humans there are two common alleles, Hp 1 and Hp 2, corresponding to α1β and α2β
polypeptide chains, respectively[3, 6]. All the phenotypes share the same β chain that is
comprised of 245 amino-acid residues (Mw 40 kDa). As shown in Figure 1A, α1 contains 83
amino-acid residues (Mw 9 kDa) and possesses two free –SH groups. The one at the –COOH
terminus Cys-72 always crosslinks with a β chain to form a basic αβ unit or (α1β), and the
other one at the NH2-terminus Cys-15 has to link with another (α1β) unit resulting in a Hp
dimer (α1β)2 or Hp 1-1. In contrast, the α2 chain contains the same residues as α1 with an extra
redundant copy of residues 12-70 (Figure 1A) giving a final 142 amino-acid residues (Mw 16.
5 kDa). It is “trivalent” with one extra free –SH group (Cys-15) that is able to interact with an
additional αβ unit. As such, one α2β unit binds to either α1β or α2β to form large polymers
[(α1β)2-(α2β)n in Hp 2-1 and (α2β)n in Hp 2-2] as shown in Figure 1B. Therefore, the different
number of -SH sites produced from the two alleles lead to three phenotypes, each with a unique
arrangement of polymers. For Hp 2-1, the (α2β) units form linear polymer chains, elongating



until two (α1β) units bind to each side of (α2β)n so that (α1β)(α2β)n(α1β) polymers are formed.
Notably, these polymers contain Hp 1-1 molecules, but not 2-2. For Hp 2-2 lacking of(α1β), the
basic (α2β) units initially form linear polymers until the two endslink together to form a cyclic
complex (α2β)n as illustrated in Figure 1B. These types of polymer structure have been
confirmed by electron microscopic images [7].

Hp binds Hb with an extremely high affinity [2] and the latter possessing an endogenous
peroxidase activity, it becomes a simple and popular routine method to identify the Hp
phenotype using a peroxidase based colorimetric-substrate [8, 9]. As shown in Figure 1C, it is
rather convenient to distinguish the phenotypes Hp 2-1 and 2-2 by observing the presence of
(α1β)2 dimers and (α1β)2(α2β) trimers in Hp 2-1 and the presence of other higher order
polymers in Hp 2-2. Interestingly, we have found that there are only few cyclic trimers among
the Hp 2-2 polymers as compared to that of large intermediate polymers (Figure 1C). The
variance in polymeric forms of Hp 2-1 and 2-2 and the mechanism by which Hp 2-1 possesses
(α1β)2 with no cyclic (α2β)n have not been fully elucidated.

Clinically, the polymeric Hp phenotypes have been reported to be associated with the risk of
kidney failure, diabetes, autoimmune, and cardiovascular diseases [6, 8, 10, 11].It is of interest
to note that the plasma concentrations of Hp 1-1are found to be differentially higher than that
of 2-1 and 2-2[8, 12]with values of 184 ±42, 153 ±55 or 93 ±54 mg/dL for Hp 1-1, 2-1 or 2-2,
respectively [8].

The purpose of this study was to identify the possible number of polymers in each isolated Hp
phenotypes 2-1 and 2-2 and to provide a theory for the Hp polymer assembly from our
experimental data. We hypothesized that steric hindrance acts as a limiting factor on the
formation of Hp 2-2 trimers. Finally, we addressed the differentially higher plasma levels of
Hp 1-1 than 2-1 and 2-2 in normal subjects based on mRNA levels. A predominant gene activity
of Hp 1 greater than Hp 2 was proposed.

2. Number of polymers in Hp phenotypes

To determine the number of polymeric forms of Hp 1-1, 2-1, and 2-2, plasma Hp isolated from
a monoclonal antibody affinity-column [13]was first analyzed on a SDS-PAGE. A typical
example showing the polymer numbers of Hp 2-2 is depicted in Figure 3. Western blot analysis
confirms that each band actually corresponds to each size of the Hp polymer using a mono‐
clonal antibody specific to the Hp α-chain (Figure 3B). Similar to that previously described [14,
15], the resolution using SDS-PAGE was not quite satisfactory. We then utilized a native-PAGE
that gave a better resolution of higher polymers. Figure 3 shows that Hp 1-1 possesses a single
homogenous form or (αβ)2 as expected, while Hp 2-1 or 2-2 possesses (αβ)2, trimer, tetramer,
pentamer, and other polymers consistent to those depicted in Figure 2. The visible number of
Hp 2-1 polymers is approximately up to 9 or (αβ)10, starting with (α1β)2. Remarkably
interesting, there are as many as 18 polymers or (αβ)20 seen in Hp 2-2, which have not been
previously identified in terms of the polymeric number.
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Figure 1. Polymeric structures of Hp 1-1, 2-1 and 2-2. Haptoglobin polymers are made up of (αβ) units with different
number of –thiol groups in α1β and α2β. A) Schematic view of α1 and α2 chains encoded by the Hp 1 and Hp 2 alleles,
respectively. The –COOH terminal Cys-72 of α1 always links to a β chain forming αβ basic unit. Whereas α2 contains a
tandem repeat of residues 12-70 with Cys-15 and -74 linking to other αβ units, making the α2“trivalent”. B) Illustrative
view of the arrangement of (αβ) unit in each Hp phenotype, where n represents the repeat unit. C) 7% Native-PAGE of
Hp-hemoglobin complexes showing the characteristics of polymeric pattern of each phenotype. Such complexes are
used for Hp phenotyping. Of note, the amount of cyclic Hp 2-2 trimer or (α2β)3 is relatively limited.
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Figure 2. SDS–PAGE of isolated human Hp 2-2. Molecular patterns of polymeric Hp 2-2 using 4% non-reducing SDS––
PAGE, showing the heterogeneous nature (left). The identity of each polymeric band is further confirmed by Western
blot analysis using a α chain specific mAb (W1) prepared against Human Hp(right).

3. Decreasing concentration of Hp polymers determine the higher polymer
numbers of Hp 2-2 than that of Hp 2-1

In addition to the number of Hp polymers, it is of interest to note that the concentration of each
polymer is almost conversely correlated to the number of repeated (αβ) units. To substantiate
the above observation, the relative intensity of each polymer within the Hp 2-1 or 2-2 was
determined using an image analysis. Figure 4 demonstrates that the concentration of each
polymer (except from Hp 2-1 dimer and Hp 2-2 trimer, discussed below) gradually decreases
when the number of repeated units increases. The regression of arbitrary polymer concentra‐
tion is found to be exponentially dependent on the number of repeated (αβ) units (starting
from the trimer for Hp 2-1 and tetramer for Hp 2-2) leading to anequation for Hp 2-1 as:

-0.5286nPn  = 6.4929*eé ùë û (1)

Where, n (≥ 3) represents the number of repeated units. [Pn] is the arbitrary protein concen‐
tration at the denoted number of repeated (αβ) units (n). The concentration of large polymers
eventually attenuates to zero as the polymer number increases. Similarly, the equation for Hp
2-2 is:
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-0.3319nPn  = 3.1783*eé ùë û (2)

Where n ≥ 4

An exponential decrease is recognized as the solution to the differential equation:

[ ]d p k p
dn

é ù= - ë û (3)

This means that the relationship (or ratio) between the concentration of polymers at number
n+1 and n is constant. For Hp 2-1, the quotient derived form Eq. (1) is:

( )-0.5286 n+1 -0.5286 n 6.4929*e / 6.4929*e = 0.59 (4)

For Hp 2-2, the quotient from Eq. (2) is:

Figure 3. Native-PAGE of isolated human Hp 1-1, 2-1 and 2-2. For Hp 1-1 there is only a single homodimer or (α1β)2
observed, while polymers with as many as 10 and 20 repeated units can be seen in Hp 2-1 and Hp 2-2, respectively.
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0.3319 ( 1 0.3319)3.1783 * /  3.1783 *   0.72n ne e- + - = (5)

Of notice that at a given protein concentration of Hp, the total number of detectable polymers
for Hp 2-1 would be significantly less than that of 2-2. This is because the quotient in Eq. (4) is
smaller, the protein concentration [Pn] approaches to zero faster (as n increases) when
compared to Eq. (5).

Figure 4. Plot of the polymer concentration as a function of (αβ)repeated number. A) Each polymer concentration of
Hp 2-1 derived from Figure 3 is presented with the relative ratio to Hp trimer. The dimer is excluded from the expo‐
nential regression line since its concentration is beyond or below that proposed mathematical model (see text). B)
Similarly, the trimer is excluded from the regression line as described above.
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4. Possible kinetics for the assembly of Hp polymers

As shown in Figure 4 and Eq. (1) and (2), the concentration of the denoted polymer decreases
exponentially with increasing polymer number. One of the attractive modes of elongation in
polymer assembly (based on the exponential decrease in concentration) is that the polymer
can be constructed by the addition of one (αβ)-unit at a time. This model assumes that reactions
between already existing polymers are ignored. For example, a reaction such as: (α2β)n+1 and
(α2β)n-1 to form (α2β)2n is not considered. However, if the reactions are multiples as that
depicted in Figure 5, the possible assembly pathways of a given tetramer or hexamer would
be complicated. Under the latter circumstance (Figure 5), once these multiple reactions take
place it would generate a given polymer at different rates. We cannot rule out this possibility
at the present time. The addition of one (αβ)-unit at a time is a simple model that gives rise to
an exponential decrease with quotient remaining to be constant when applied to the number
of polymers formed in each Hp phenotype. Despite the feasibility of the “one at a time” model,
the overall rate of formation of polymers would be:

1n nR R +> (6)

Where Rn is the formation rate of a denoted polymer with n repeated units, starting with n =
3 for Hp 2-1 and n = 4 for Hp 2-2 (Figure 4) (discussed below). It means that the smaller the
polymers, the higher rate of assembly.

5. Proposed scheme for the formation of Hp 2-1 linear polymers

It has been well established that Hp 2-1 polymers, attributed by heterozygous Hp 1 and Hp 2,
are in a linear form (Figure 1). One essential question we attempted to address is why an Hp1-1
molecule can be seen without cyclic Hp 2-2 polymers in Hp 2-1 populations (Figures. 1 and
3). As depicted in Figure 6A, the gene responsible for the synthesis of α1β and α2β are from
the Hp 1 and Hp 2 alleles, respectively. In theory, some α2β should be able to form 2-2 cyclic
polymers. We speculated that the overall α1β-mRNA synthesized might be greater than the
α2β-mRNA, which is in favor of the initial assembly of Hp 1-1 dimer (α1β)2. To test this
hypothesis, we used the HepG2 cell line which by coincidence belongs to the Hp 2-1 genotype.
We then determined the expression levels of the Hp 1 and Hp 2 alleles over time using RT-PCR,
while utilizing LDL as an acute phase stimulant [8]. Figure 6B and C demonstrate that the
expression of the Hp 1 allele is significantly superior to Hp 2 through all the induction times.
In a previous study, we also reported that the synthesis rate of α1β was significantly faster
than that of α2β after induction [8].

First, we proposed that the excessive (α1β) units naturally self-assemble into Hp 1-1 molecules.
Second, because each (α2β)-unit contains two -SH open ends, (α2β) units must initially self-
assemble into (α2β)n regardless of the presence of (α1β), where n ≥ 2. As shown in Figure 7
using a pentamer as an example, the reaction of cyclization of (α2β)n may take a long time in
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the process of polymer refolding. The rate of cyclization in theory is slower than the formation
of linear polymers. In the presence of excess (α1β) units, these (α2β)5 polymers in linear form
could be terminated by the addition of (α1β) at both ends. The resulting product is, therefore,
in a linear form.

Furthermore, Figure 8 shows that one (α1β) and one (α2β) can also form (α1β)-(α2β)-, but is
terminated with an addition of a (α1β) which gives rise to the smallest heterogeneous linear
polymer (α1β)-(α2β)-(α1β). However, if the next addition is a (α2β), then further extension by
coupling an (α1β)- or (α2β)-unit is possible. Thus, the next linear polymer is a tetramer or
(α1β)-(α2β)-(α2β)-(α1β), otherwise the elongation continues until the addition of a (α1β). If
the portion of open-end polymers (α1β) (α2β)n- that adds (α2β) or (α1β) is independent of the
number of repeated (αβ)-units (n) within the polymers, then the relationship between the rate
of addition of (α1β) and (α2β) does not change. Thus, the concentration of polymers depending
on size would follow an approximately exponential decrease since a constant portion of an
open end polymers adds (α1β) and a constant portion adds (α2β) (Figure 8). However, since
there are two different pathways leading to polymers with only one open end (Figure 7), the
decrease is truly exponential if the (α1β) are added in same positions for the both pathways.

Explaining the low abundance of dimers or (α1β)2 in Hp 2-1of Figure 3 is somewhat difficult.
One possible explanation is that formation of the (α1β)2 is terminated and limited by the
presence of (α2β)-subunits. If this was the case, the reactivity of the (α2β) could be higher than

Figure 5. Schematic view of large and small polymers assembled through multiple reaction pathways. A) An example
using tetramer as a model for two pathway assembling, one is by adding one unit at a time and the other is via a
reaction between the two dimers. B) An example using hexamer as a model to illustrate there are five possible path‐
ways, including by adding one unit at a time and by reactions between already formed polymers.
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that of (α1β) in terms of the binding to the other (αβ)-units. Nevertheless, it is a fact that the
concentration of Hp 1-1 determined in Hp 2-1 polymers is not fit into the exponential decre‐
ment curve shown in Figure 4A.

6. Proposed scheme for the formation of Hp 2-2 cyclic polymers

As shown in Figure 9, each basic (α2β) unit initially forms linear polymers with both ends
having one thiol group open for further subunit extension. The elongation terminated until
the free ends bind together to form a cyclic Hp 2-2. According to Eq. (5), the quotient between

Figure 6. Schematic view of the molecular expression of α1β and α2β unit and its level induced by LDL. A) Hp 1
and Hp 2 alleles are responsible for making the mRNA of α1β and α2β polypeptides, respectively. B) RT-PCR show‐
ing the overall synthesis of α1β is greater than α2β m-RNA over time, while the house keeping gene GAPDH was
used as a control. C) The intensity of the α1β band is higher than that of α2β at all induction times as determined
using an image analysis.
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Figure 7. Model of cyclization of Hp polymers. Regardless of the pathways involved in the formation of (α2β)n, a given
pentamer or (α2β)5 requires a correct conformation to be cyclized. The rate of the process is therefore slower than
uncyclized form. The uncylized (α2β)n could be initially present in the polymer populations during the assembly of Hp
2-1 molecules. However in the presence of excess of basic (α1β ) units, the remaining uncyclized forms are terminated
by coupling a (α1β). If (α2β) units are in excess, the cyclization of Hp 2-2 polymers should be allowed in theory.
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polymers of order n+1 and n is 0. 72. It means that 72% of the polymers with free –SH would
link another (α2β) to form the next higher order polymer. It equals to:

Rate of addition  2  /  Rate addition of 2   Rate of cyclic formation  ( ) 0.72. b  b + = (7)

Which equals to:

Rate of cyclic formation   0.39 * rate of addition of 2 . b= (8)

It is seen from Eqs. (7) and (8) that the formation of a cyclic polymer is slow as compared to
the addition of a (α2β)unit. In other words the ratio between the next order of a polymer and
a given polymer remains constant or 72% (Figure 3). This is thought to be the reason for the
large polymer numbers seen in the Hp 2-2 phenotype. The slow rate of cyclic formation further
explains why there are no cyclic (α2β)n polymers found in the Hp 2-1 population. However,
if the overall synthesis of (α2β) molecules was in excess in the individuals possessing both Hp
1 and Hp heterozygote (Hp 2-1 phenotype), we would see the cyclic polymers regardless of
the slow rate involved in the cyclization. Nevertheless, the rate of cyclization derived here is
consistent to that we proposed in Figure 7.

Figure 8. Proposed model for the formation of Hp 2-1 linear polymers. Nucleation occurs through the reaction be‐
tween the two αβ units with the possible products: a simple (α1β)2 dimer is initially formed without further extension
because of the saturation of free -thiol groups. The next linear trimer is formed with the addition of two (α1β) units to
one (α2β). Notably, either (α1β) or (α2β) may subsequently add to one (α2β) unit until both ends are bound with (α1β).
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7. Steric hindrance could explain the low abundance of trimer in Hp 2-2
phenotype

A fascinating phenomena is that the concentration of Hp 2-2 trimers or (α2β)3 seen in Hp-Hb
complex is extremely low in human plasma of all the Hp 2-2 subjects that we have investigated
without exception (Figure 1C). Its concentration does not fit the mathematical model (Figure
3 and eq. 2). As depicted in Figure 10, we hypothesized that there is a steric hindrance between
the two free thiol groups of a (α2β) unit. First, under this condition the hindrance totally
abolishes the formation of a basic dimer (α2β)2. Second, steric hindrance prevents the cross‐
linking from forming a trimer to some extent due to limited space in the central space. This
may account for the low abundance of trimers in Hp 2-2 polymers. Third, as the central space
increases, the hindrance does not substantially affect the formation of a tetramer, a pentamer,
or larger polymers. Recently, we also demostrated an unique tetrameric structure of deer
plasma Hp which cna explain an evolutionary advantage in the Hp 2-2 phenotype with
homogeneous structure[16].

Figure 9. Hypothetical model for the formation of cyclic polymers. Nucleation occurs through the reaction between
two (α2β) in creating a first linear (α2β)2. Formation of a stacked dimer is not possible due to the steric hindrance be‐
tween the two -thiol groups of each subunit (depicted in Figure 10). As such it initially forms a linear trimer or (α2β)3
prior to the cyclization. This linear trimer can then either be elongated by the addition of other (α2β)n, or otherwise be
terminated by a subsequent cyclization.
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8. Plasma Hp 1-1 levels are differentially greater than Hp 2-1 and 2-2

It has been known that plasma levels of Hp 1-1 are dramatically higher than 2-1 and 2-2 in
normal human subjects. Order of the levels is Hp 1-1 > Hp 2-1 > Hp 2-2 with plasma concen‐
trations of about 180, 150 and 90 mg/dL, respectively [8]. The mechanism involved in such
discrepancy, however, has not been explored. As shown in Figure 6A, there are two alleles Hp
1 and Hp 2 responsible for the specific synthesis of the (α1β) and (α2β) subunits, respectively.
Based on the RT-PCR analysis of allele expression using a HepG2 cell line containing both
alleles, it appears that the amount of mRNA produced by the Hp 1 allele is significantly greater

Figure 10. Proposed model of the assembling of Hp 2-2 polymers with limited trimer molecules. A) The two -thiol
groups linking the Hp subunits into polymers are located at a plane where they are separated by a steric hindrance.
Under this condition the hindrance prevents the formation of a basic dimer (α2β)2. B) The trimer is able to form to
some extent, but is limited by the hindrance that accounts for its low abundance. C-E) The polymers of order four and
higher are assembled without any steric hindrance as the central space getting wider.
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than that of Hp 2 over time (Figure 6B-C). Thus, it explains why the plasma concentration of
Hp in subjects with Hp 1 is markedly higher than that with Hp 2-1(heterozygote) or Hp
2(homozygote). Although the reason for low expression of the Hp 2 allele remains unclear, we
proposed that the gene activity of Hp 1 is superior to Hp 2.

9. Clinical significance of Hp phenotypes

The Hp is an acute-phase protein in response to infection and inflammation. It is also one of
the most abundant serum proteins with high potency of anti inflammation and antioxidant
activities [17, 18];therefore render its availability for maintaining homeostasis. Anyaberrancein
expression levels or subfraction composition of Hp may possibly be used to establish valuable
diagnostic or prognostic indicator in various diseases. Human Hp polymorphism is not only
determined by unique genetic duplication, but also affected by complex assembly processes.

Reports regarding the relationship between the plasma levels and diseases remain rare owing
to the difficulty and complexicity in precised determination of Hp levels in different individ‐
uals with different phenotypes. We have shown for the first time that immunoassay (such as
ELISA) for Hp measurement has to use Hp phenotype-matched standard for one individual
with one specific phenotype (ie., one Hp 1-1 subject needs Hp 1-1 protein as a standard used
for calibration) due to the different biochemical structure and immunochemical properties
among the Hp phenotypes. Following this concept, we have established an accurate ELISA
test for measurement of Hp levels [8]. Clinically, we discovered that the patients with normal
acute-phase response in Hp elevation in sepsis had fewer events of multiple-organ dysfunction
and lower mortality rate. The Hp2-2 phenotype is associated with failure to increase plasma
Hp levels in the acute stage of sepsis (unpublished data). In another study, we showed that
one short-term jogging and explosive run are able to induce a substantial elevation of Hp in
peripheral blood. In mice, Hp levels are elevated significantly and concomitantly with the
increase in neutrophils over the circulation following a 2-week exercise [19]. This finding not
only suggests that acute net increase in Hp levels may be directly derived from the neutrophils
but also indicates that Hp could be a biomarker for the neutrophil functional activity.

It is well known thatcardiovascular eventsin diabetic patients are closely linked to the Hp2-2
phenotype [20]. Recently, accumulating evidence showed that Hp elevation implies various
biologic meaning. Notably, elevated Hp concentrations in cord blood of newborns have been
identified as a biomarker to predict the occurrence of early-onset neonatal sepsis [21-23]. In
patients with chronic inflammatory demyelinating polyneuropathy (CIDP) and multiple
sclerosis,Hp levels in cerebral spinal fluid are high [24]. Serum Hp is also a useful predictive
biomarker for steroid therapy efficacy in the treatment of idiopathic nephrotic syndrome[25].
Plasma Hp concentrations are elevated in patients with abdominal aortic aneurysm, particu‐
larly those with the Hp 2-2 phenotype [26].
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10. Conclusions

Regardless of the hypothetical model, the discovery of an exponential decrease in concentra‐
tion between (αβ)n and (αβ)n+1 is of remarkable interest. It provides insight into the role of
Hp polymer size involved in the clinical outcomes and physiological functions. The maximal
number of repeated (αβ) units we reported here is as many as 10 for Hp 2-1 and 20 for 2-2.
Should the concentration not follow an exponential decrement, the maximal number of
polymers assembled could have been much larger. We suggest a simple kinetics model with
the excessive synthesis of (α1β) units that can explain the lack of cyclic polymers in the Hp 2-1
individuals. We also proposed that the allele activity of Hp 1 is superior to Hp 2, which accounts
for the differentially greater Hp concentrations in Hp 1-1 human subjects than in Hp 2-1 and
2-2. Finally,we speculated that Hp polymorphism from genetic sequence and protein assembly
may reflect the response to inflammation. The application of Hp in clinical medicine awaits
further investigations.
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