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Series Editor Introduction

The Nutrition and Health series of books has, as an overriding mission, to provide 
health professionals with texts that are considered essential because each includes: 
(1) a synthesis of the state of the science, (2) timely, in-depth reviews by the leading 
researchers in their respective fields, (3) extensive, up-to-date fully annotated reference 
lists, (4) a detailed index, (5) relevant tables and figures, (6) identification of paradigm 
shifts and the consequences, (7) virtually no overlap of information between chapters, 
but targeted, interchapter referrals, (8) suggestions of areas for future research, and (9) 
balanced, data-driven answers to patients/health professionals and questions which are 
based upon the totality of evidence rather than the findings of any single study.

The series volumes are not the outcome of a symposium. Rather, each editor(s) has 
the potential to examine a chosen area with a broad perspective, both in subject matter 
as well as in the choice of chapters. The international perspective, especially with regard 
to public health initiatives, is emphasized where appropriate. The editors, whose train-
ings are both research and practice oriented, have the opportunity to develop a primary 
objective for their book; define the scope and focus, and then invite the leading authori-
ties from around the world to be part of their initiative. The authors are encouraged to 
provide an overview of the field, discuss their own research, and relate the research 
findings to potential human health consequences. Because each book is developed 
de novo, the chapters are coordinated so that the resulting volume imparts greater 
knowledge than the sum of the information contained in the individual chapters.

“Dietary Components and Immune Function”, edited by Ronald R. Watson, Ph.D., 
Sherma Zibadi, M.D., and Victor Preedy, Ph.D. exemplifies the goals of the Nutrition 
and Health Series. Unlike many other books in the area of nutritional immunology, this 
text provides a critical assessment of the field based upon recent in vitro, laboratory 
animal studies as well as epidemiological and clinical intervention studies. Each of the 
editors has extensive experience in clinical immunology and the combined experiences 
in academia, and clinical practice provides a broad perspective on the role of food and 
food components, diet and diet modifications, nutrients and the multitude of nonessen-
tial components of the diet on critical aspects of human immune responses.

The editors have chosen 85 internationally recognized experts who are active investiga-
tors of the impact of overall diet on the risks of infection, cancer, autoimmune disease 
and environmental stressors in different age groups, in different countries throughout 
the world, and in both sexes. This important text provides practical, data-driven 
resources, including over 4,000 up-to-date references and more than 40 well-organized 
tables and figures that assist the reader in evaluating the nutritive value of the immu-
nomodulatory vitamins and minerals and other dietary constituents, such as probiotics, 
long chain fatty acids, conjugated linoleic acid, traditional Chinese medicines, plant 
polyphenols, tannins, and many other components of foods. Moreover, the critical 
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value of nutrition for at-risk populations, including those living with cancer, allergies 
and/or asthma, autoimmune diseases, the very young and the very old are extensively 
reviewed in several unique chapters.

Each chapter begins with comprehensive bulleted Key Points followed by the list of 
key words, and includes an overview and historic review, examination of the literature 
with critical focus on comparisons between studies, discussion of the chemical compo-
sition of actives, where appropriate and conclusions and perspectives on future research 
areas. The overarching goal of the editors is to provide fully referenced information to 
health professionals so they may have a balanced perspective on the value of many 
dietary components that are routinely consumed by patients and clients with the hope 
that immune responses will be enhanced. This important volume provides health profes-
sionals with balanced, data-driven answers to numerous questions about the validity of 
the science to date and also provides researchers with opportunities to clarify areas 
where many questions still exist about the effects of specific nutrients/dietary factors on 
human immune responses.

The editors have organized the volume into six sections that reflect the breadth and 
depth of current knowledge in the area of dietary factors that affect immune responses. 
In the first section entitled Development of Human Immune Responses, the editors have 
wisely included an introductory chapter that clearly outlines the embryonic develop-
ment of the human immune system, and this chapter as well as subsequent chapters 
review in depth the value of breast milk for the development of neonatal as well as 
lifetime immunity. Unique areas of focus include an analysis of the effects of maternal 
undernutrition on immune responses in neonates, and of relevance is the chapter on the 
effects of undernutrition on parasitic invasion. The second section on Nutrients and 
Immunomodulation contains complementary chapters on the role of fatty acids, espe-
cially long chain fatty acids on the immune system in general, and these chapters are 
followed by reviews of the specific effects with regard to the brain, fat tissue, and obes-
ity, and effects on cancer cells and immune responses to tumors. There is a separate 
chapter on vitamins and minerals and another on trace minerals and the third examines 
the effects of vitamin supplements in women with HIV infections. The third section 
provides in-depth, separate chapters devoted to the Role of the Immune System in 
Cancer Prevention and Treatment and the effects of some of the thousands of dietary 
bioactive compounds including, but not limited to the vitamins, carotenoids, and 
 minerals. Certain immune cells can directly kill tumor cells, and this potential can be 
enhanced by certain components of the diet. Fruit and vegetable intake above the aver-
age has been associated with decreased risk of several cancers, and the components of 
fruits and vegetables are reviewed with regard to enhanced tumor cell killing by cyto-
toxic immune cells. Lactoferrin, one of the whey proteins in milk, also has anticancer 
and immunoenhancing effects in vitro and in animal models that are outlined in a sepa-
rate chapter. Other unique chapters review in detail the plant-derived drugs and semi-
synthetic derivatives that are used to treat cancer and compare these with bioactive plant 
compounds used in Traditional Chinese Medicine (TCM). Some of these compounds 
are directly cytotoxic to cancer cells, whereas many stimulate immune cells to kill 
tumor cells. The differences between the emphasis of TCM on restoring balance and 
prolonging life compared to treating the tumor in Western medicine is clearly described 
in the two complementary chapters.
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The fourth section on Dietary Components in Allergy and Asthma includes chapters 
that examine controversial areas such as genetic factors and interactions between fetal 
and early neonatal exposure to allergens from the maternal sources versus diet and the 
increased risk of asthma in childhood. The importance of the neonatal colonization by 
gut microflora and the development of immune function resulting in tolerance of envi-
ronmental antigens are also reviewed. The value of breast feeding is emphasized as is the 
delay of complementary feeding until 4–6 months of age. Dietary factors considered to 
be associated with the reduction in the risk of allergy/asthma development include long 
chain omega-3 polyunsaturated fatty acids, antioxidants, and certain probiotics. 
Preliminary evidence of the potential for an extract from a specific mushroom to affect 
the development of IgE responses is also included in a separate chapter. Authors of these 
chapters have been particularly inclusive and objective; extensive references to the pub-
lished literature are provided. The fifth section looks mainly at the preliminary data from 
in vitro and small animal studies on the effects of Botanical Extracts and Bioactive Foods 
and includes separate chapters on resveratrol and on other bioactive flavonoids; immu-
noactive components of cocoa; extracts used in TCM; microalgae; extracts from edible 
mushrooms, including their immunoenhancing polysaccharides; soy sauce and its bioac-
tive polysaccharides, and anti-inflammatory actions of cinnamon extracts. These chap-
ters contain extensive, detailed tables that bring the reader up-to-date on the state of the 
science linking the compounds to immune function, specific immune cell interaction 
effects on allergy, antiviral activity, and disease resistance. The important emphasis on 
ethnopharmacology and the potential role of plants and their constituents as direct anti-
virals, anticancer, and immunostimulatory agents is of great value, especially as the data 
presented are balanced and objectively tabulated for the reader. Bioactive foods can also 
be considered as those that contain factors that can be immunotoxic such as aflatoxin, 
alcohol, methyl mercury, nitrosamines, polychlorinated compounds, as examples. This 
section ends with a critically important and unique chapter on immunotoxicology of 
foods. The last section includes four chapters that review the data on pre- and probiotics. 
The chapters examine the important role of the gastric mucosal immune system and the 
significance of gut bacteria in health as well their potential beneficial effects for those 
suffering from pancreatitis or irritable bowel diseases in separate chapters.

Understanding the complexities of the human immune system and the effects of 
food/environment/age/sex/concomitant disease/drugs/stressors certainly is not simple 
and the interactions can often seem daunting. However, the editors and authors have 
focused on assisting those who are unfamiliar with this field in understanding the criti-
cal issues and important new research findings that can impact their fields of interest. 
Drs. Watson, Zibadi, and Preedy have carefully chosen the very best researchers from 
around the world who can communicate the relevance of dietary components in both the 
maintenance of a healthy immune system and the potential for bioactive food compo-
nents to affect the course of infections and chronic diseases. The authors have worked 
hard to make their information accessible to health professionals interested in public 
health, those practicing in medical specialties from pediatrics to geriatrics, those in 
general medical practice, nursing, pharmacy, educators, students as well as nutrition-related 
allied health professionals. The editors have taken special care to use the same terms 
and abbreviations between chapters, and provide a clearly written glossary of terms as 
well as a list of abbreviations used throughout the volume.
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In conclusion, “Dietary Components and Immune Function”, edited by Ronald Ross 
Watson, Sherma Zibadi, and Victor Preedy provides health professionals in many areas 
of research and practice with the most up-to-date, well-referenced volume on the impor-
tance of dietary factors for optimal immune function. This volume will serve the reader 
as the most authoritative resource in the field to date and is a very welcome addition to 
the Nutrition and Health Series.

Parsippany, NJ Adrianne Bendich, PhD, FACN 
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Preface

The Strategic Plan of the United States’ National Institute of Health stresses the 
 pursuit of mechanistic studies as an overarching priority. Among the basic mechanisms 
identified as needing exploration are immune-focused studies. Many dietary compo-
nents are believed to exert their activities by modulating immune function. These are 
highly sought by patients in the absence of an effective standard pharmaceutical therapy. 
Numerous botanical extracts as well as high dose vitamin supplements are used by the 
public with the expectation that they will boost and/or modulate immune responses. 
As the number of seniors grows interest in their loss of immune defenses (immunose-
nescence) increases and is linked to longevity or lack thereof. The desire to maintain 
wellness by preventing and treating infectious diseases are among the key reasons for 
responses. Normal functioning of the immune system is critical to health. One new 
tumor cell appears about every day and is eliminated by the immune system. Aging, 
stress, diseases like AIDS, autoimmune reactions, chemical treatments to suppress 
immune responses in arthritis, and transplants can facilitate the survival of a cancer, 
leading to clinical disease. Can dietary modulation thereafter help treat cancer? Putative 
immune-modulating agents and practices are also being used with the belief that they 
will maintain wellness by reversing the immune decline-associated aging and the immu-
nosuppression associated with cancer, its treatment, and with HIV/AIDS. Thus, an 
increased focus on understanding the efficacy of botanicals and other dietary supple-
ments on immune function is warranted.

This book focuses on dietary modalities that modulate immune function. The first 
section discusses various nutrients that alter innate and/or adaptive immunity humoral 
and cellular responses affecting both immune mechanisms and disease endpoints. The 
second section investigates the role of nutriceuticals in immune-mediated cancer resist-
ance. The third one investigates their role in asthma and allergy. The fourth segment 
reviews the role of botanical extracts and supplements in enhancing responses to patho-
gens, which should have significant public health value. Indeed, the usage of foods and 
their extracts as therapeutic tools appear in ancient and modern cultures. Thus, the first 
set of reviews investigates bioactive foods in immunodeficiency diseases. The next 
 section looks at the role of nonpathogenic bacteria, prebiotics, and probiotics in immune 
modulation. Finally, the authors review dietary supplements in viral diseases. 
Historically, famine preceded disease and likely was treated by dietary therapy of the 
immunodeficiency due to dietary insufficiency.

Clearly, information is vital for the researcher, physician, and particularly the lay 
public as they are exposed to increased availability and media evidence that they may 
have efficacy. Importantly, in the USA the use of botanicals and their extracts are widely 
available, part of a 20 billion dollar business. The majority of seniors use dietary sup-
plements and nutrients to promote health. How effective are these agents in doing so via 
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immune restoration or regulation? Therefore, information from scientific research is 
critical to help people make decisions on their benefits, risks, or value in the prevention 
and treatment of immune dysfunction with loss of resistance.

Tucson, AZ  Ronald R. Watson
Tucson, AZ  Sherma Zibadi
London, UK  Victor R. Preedy
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1 Nutrition, The Infant  
and the Immune System

Ger T. Rijkers, Laetitia Niers, Marianne 
Stasse-Wolthuis, and Frans M. Rombouts

Key Points

The human newborn possesses a functional but immature immune system in order to •	
provide defense against a world teeming with microorganisms.
Breast milk contains a number of biological active compounds which support the •	
infant’s immune system.
These include secretory IgAs, which confer specific protection against enteric patho-•	
gens, as well as many other immunological active ingredients.
A number of these ingredients can and are being used as supplements for infant •	
nutrition formulas.
The strength of the evidence for immunostimulating effects of selected minerals, •	
vitamins, fatty acids, pre- and probiotics and nucleotides is reviewed.

Key Words: Infant immune system, cordblood, breast milk, pre- and probiotics,  
nutrition.

1.1 THE INFANT IMMUNE SYSTEM

1.1.1 Development of the Immune System
The development of the immune system starts during embryogenesis when the first 

hematopoietic cells develop outside the embryo, in the yolk sac. Then, in the 6th week of 
gestation, the first committed hematopoietic stem cells can be detected in the mesoderm 
of the fetus, the so-called aorta-gonad-mesonephros (1). Next, these hematopoietic stem 
cells migrate to the fetal liver and there they initiate erythropoiesis (2). During the 7th 
week of gestation, progenitor cells seed the developing thymus. Seeding into the bone 
marrow occurs much later (by week 20) (3, 4). The T lymphocytes develop in the thymus, 
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a process which involves rearrangement of the T cell receptors, followed by selection for 
 functionality and negative selection against self-antigens. The development of natural 
killer (NK) cells as well as various dendritic cell (DC) populations also takes place in the 
thymus. The B lymphocytes, granulocytes, monocytes, and DC develop in the bone mar-
row. The development of lymphoid cells and organs is a complex process that requires 
timely expression of growth factors (cytokines, chemokines), receptors as well as adhe-
sion molecules. Apart from maternal-fetal transfer, the development of the immune sys-
tem is independent of antigenic stimulation (either bacterial, viral, or allergenic).

Birth marks a fundamental change in the demand put upon the immune system. When 
a baby is born, it emerges from the relatively sterile environment of the uterus into a world 
teeming with bacteria. Within the first few days of life, mucosal surfaces of the gastroin-
testinal as well as respiratory tract become colonized with bacterial communities (5).

As stated above, at birth, the immune system, although being developed, is not yet 
fully matured. All T and B lymphocytes are in the so-called naïve state, that is, they 
have not yet encountered antigen, and memory lymphocytes therefore are not yet 
present. Some studies suggest that especially for allergens, transplacental priming (of 
mother to child) of fetal T lymphocytes may occur, but this is still controversial (6). 
Activation of the neonatal T lymphocytes results in a response that is dominated by TH2 
cytokine production (IL-4 and IL-5) with relatively little production of the TH1 cytokine 
g-interferon (7). The reasons for this dysbalance are unclear; it may be that the default 
differentiation pathway in the absence of antigenic stimuli is biased to TH2. Alternatively, 
the immature phenotypes of antigen-presenting cells, or differential expression of cell-
signaling molecules or transcription factors may also contribute to this bias (8).

Like T lymphocytes, B lymphocytes also are naive and immature at birth, and mem-
ory B lymphocytes have not developed yet (9). Still, the neonate is able to mount an 
antibody response upon primary infection or upon primary vaccination with protein-
based vaccines. Neonates, however, are unable to respond to polysaccharide antigens, 
making them extra vulnerable to infections with polysaccharide encapsulated bacteria 
such as group B Streptococci and pneumococci. The polysaccharide-specific B lym-
phocytes are already present, but they fail to express a co-receptor (CD21) which is 
necessary for the response to these antigens (10, 11).

Postnatally, the gastrointestinal tract as well as the respiratory tract becomes rapidly 
colonized with microorganisms (5). The spectrum of commensal and pathogenic micro-
organisms (and the corresponding pathogen-associated molecular patterns, PAMPs) to 
which the immune system is exposed is immense. The broad repertoire of the adaptive 
immune system allows a specific response to virtually every triggering antigen. It is now 
realized, however, that the immune system does not respond to every stimulus, but 
rather responds to “danger signals” from the environment (12). The emerging mecha-
nism is that PAMPs are recognized by a polymorphic repertoire of receptors of the 
innate and adaptive immune system (13), and this will shape the direction of the devel-
opment of the immune system of childhood and adulthood.

1.1.2 Infections Early in Life
During pregnancy, the immune system of the fetus operates in coexistence with the 

mother’s immune system. After birth, the immune system of the newborn must switch to 
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protection against invading pathogens and develop tolerance to harmless nonself antigens 
such as food antigens. The competence of the newborn’s immune system develops progres-
sively during the first few months of life. Specific features of the newborn’s immune system 
and its development clarifies the susceptibility to different types of infectious diseases. First, 
T cell mediated immunity in newborns is predominantly naive. Memory T lymphocytes 
develop gradually in healthy infants during the first years of life. The response of T lym-
phocytes at birth or in cordblood to specific antigens is largely absent unless intrauterine 
exposure occurred. This indicates that after birth every encounter with a pathogen can result 
in a primary infection. The neonatal immune system will be capable to clear pathogens, but 
neonates and young infants are prone to experience more morbidity from viral infections due 
to a lower responsiveness of T cell mediated immunity compared to older children. 
Respiratory syncytial virus, enteroviruses, influenza virus are only a few examples of viruses 
which may cause severe illness. Immunological memory will be present during the second 
encounter, and the ensuing improved clearance will result in less morbidity.

A second immunological factor which contributes to the increased susceptibility for 
infections is the immature antibody production in newborns and young infants. As a 
result newborns and young infants are more vulnerable to serious bacterial infections. 
Pathogens acquired from the maternal genital tract such as group B streptococcus and 
enteric organisms like Escherichia coli are major causative agents for bacterial infections 
in neonates. In young infants, the production of antibodies to polysaccharide antigens 
especially is underdeveloped. Polysaccharide-encapsulated bacteria such as Streptococcus 
pneumoniae are therefore major causative agents of lower and upper respiratory tract 
infections (pneumonia and otitis media, respectively) in young infants. Routine immuni-
zation with conjugate vaccines for encapsulated bacteria such as Haemophilus influenzae 
type b and the pneumococcal conjugate vaccine (PCV7) have resulted in a decrease of 
invasive disease in young infants (14). In general, infants are at risk for serious infections 
due to their developing immune system, and this warrants for vaccination against patho-
gens which would otherwise cause a high morbidity and mortality.

1.1.3 Allergy
The immune system is tightly controlled by its own regulatory network to prevent 

inappropriate immune reactions which would result in pathologic conditions. Failure or 
breakdown of regulatory networks is believed to result in allergic and/or autoimmune 
diseases. Genetic as well as environmental factors contribute to susceptibility to autoim-
mune and allergic disease. Autoimmune diseases are relatively rare in children but aller-
gic disease adds considerably to childhood morbidity. The cumulative prevalence during 
childhood is estimated to be 20–30%. The pathogenesis of allergic diseases is multifacto-
rial. One of the factors is a positive family history, whose contributions have been associ-
ated with allergic disease. Furthermore, among other environmental factors, feeding and 
nutritional composition play an important role in gastrointestinal function, host defense 
and exposure to food allergens (15). Breastfeeding may protect against the development 
of allergic disease, although this is still subject a of discussion. Breastfeeding appears to 
be protective against the development of food allergy. Sensitization to allergens only 
develops upon exposure. The cow’s milk protein b-lactoglobulin, which is a major aller-
gen in cow’s milk protein allergy can be detected in breast milk, but in much lower 
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amounts compared to cow’s milk and infant formulas. Besides less exposure to cow’s 
milk protein with breastfeeding, oligosaccharides present in breast milk affect the intes-
tinal bacterial flora by promoting the presence of bifidobacteria and lactobacilli. The 
reduced presence of bifidobacteria in infants’ stool early in life is associated with the 
development of allergic disease later in life. When breast milk is insufficient or lacking, 
infant formula is needed. Feeding with hydrolyzed formulas, especially extensively 
hydrolyzed formulas, significantly reduces cow’s milk protein allergy when compared to 
feeding with conventional cow’s milk formulas (16).

1.2  CONTRIBUTION OF BREAST MILK  
TO HOST DEFENSE OF THE BABY

The immature immune system of the baby is supported by passive acquired immu-
nity transferred from mother to child. Passive acquired immunity is provided by mater-
nal immunoglobulins and by breast milk.

During the last semester of pregnancy there is active transport of maternal IgG across 
the placenta so that after a full-term pregnancy, the IgG levels in the neonate equal that 
of the mother (Fig. 1.1). IgM and IgA antibodies are not able to be transported transpla-
centally and therefore the newborn lacks these immunoglobulin isotypes. The IgG from 
the mother disappears with a half-life of 21 days so that most of maternal IgG has gone 
by the age of 3 months. Prolonged support of passive immunity can be provided by 
breastfeeding (18). On a world-wide scale, it has been estimated that optimal breastfeed-
ing behavior (defined as exclusive breastfeeding for at least 6 months and continuation 
for the first year) could prevent the death of 1.3 million children annually (19). Breast 
milk contains 0.4–1.0 g/l secretory IgA. The antibody specificities of this IgA are 
directed against enteric and respiratory pathogens from the environment of the mother 

Fig. 1.1. Development of serum immunoglobulins in early life. Note that secretory IgA delivered by 
breastfeeding remains confined to the intestine and does not contribute to the serum IgA levels. Partly 
based on (17).
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and child. Apart from IgA, breast milk contains many other components which directly 
or indirectly support the baby’s ability to resist infections (Table 1.1). Lactoferrin and 
lysozyme are proteins with antibacterial activity. Lactoferrin is a ferric iron-binding 
glycoprotein which inhibits the growth of pathogens by competing with bacteria for 

Table 1.1 
Immunological active ingredients of human milk (per 100 kcal)

Class Compound
Concentration 
(19)

Recommended (22) 
(min–max)

Immunoglobulins sIgA 69–153 mg
Antimicrobial proteins Lactoferrin 139–264 mg

Lysozyme 260–347 mg
Leukocytes 0.5  ×  106/ml
Cytokines, chemokines IL-1, IL-6, TNF-a

g-IFN, IL-12, 
IL-10
IL-8, CCL5

Hormones GM-CSF, EPO
Cortisol

Fatty acids DHA 9.8–12.5 mg Optional
AA 16.7–23.6 mg Optional

Oligosaccharides FOS 1.53–1.67 g Optional
GOS 0.28–0.42 g Optional

Minerals Zn 360–460 mg 500–1,500
Se 1.1–2.6 mg 1–9
Fe 86–130 mg 30(60)–130(170)
Cu 51–60 mg 35–80
Mn 2–3.5 mg 1–50
Ca 44–50 mg 50–140

Vitamins Vitamin A 56–106 mg 66–198
Vitamin E 0.39–0.54 IU 0.75–7.5
Vitamin D3 <0.01 mg 1–2.5 (3)
Vitamin C 4.3–6.3 mg 10–30
Vitamin B12 0.01 mg 0.10–0.50

Nucleotides Total 7.38–8.06 mg −5 (optional)
AMP 0.42–0.48 mg −1.5
CMP 2.19–2.37 mg −2.5
GMP 1.35–1.55 mg −0.5
IMP 1.23–1.29 mg −1.0
UMP 2.19–2.37 mg −1.75

Various Sialic acid 41.7–208 mg
Gangliosides 1.1–1.4 mg
L-carnitine 0.94–1.31 mg 1.2 -

Figures between brackets: follow-on formulas
Addition of probiotics is optional for follow-on formulas (106–108  CFU/g)
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ferric iron (20). The amino-terminal peptide of lactoferrin, lactoferricin, also exerts 
chelation-independent bactericidal activity. Because lactoferrin is resistant to digestion 
by proteolytic enzymes, most of the ingested lactoferrin survives throughout the gas-
trointestinal tract of infants. Lysozyme, an antimicrobial peptide which acts by cleaving 
peptidoglycans in the cell walls of bacteria, is present in a 300-fold higher concentration 
in breast milk as in cow’s milk.

Breast milk contains at least 80 different oligosaccharides. Many of these oligosac-
charides function as receptor analogs that inhibit the binding of bacterial or viral patho-
gens, or toxins, to gut epithelial cells. The structure of the oligosaccharide determines 
the specificity of binding to adherence receptors of bacteria or bacterial toxins. GM1 
gangliosides are receptor analogs for toxins produced by Vibrio cholerae and E. coli, 
whereas lacto-N-fucopentaose II (the oligosaccharide which forms the Lewis X blood-
group antigen) prevents HIV1 transfer. Furthermore, certain glycosylated proteins, such 
as the mucin MUC1, interfere with bacterial or viral adherence. Lactadhedrin, a com-
ponent of milk-fat globules, protects against rotavirus infections (21). Free fatty acids 
and monoglycerides, generated by enzymatic digestion of triglycerides, can disrupt 
enveloped viruses (21).

An important characteristic of breast milk oligosaccharides is that they promote the 
outgrowth of commensal Bifidobacterium sp. and lactobacilli in the intestinal tract. 
These bacteria, which are termed probiotic bacteria, are generally believed to have a 
health-promoting effect probably because, among other things, they produce organic 
acids that retard the growth of enteric pathogens.

Human milk contains leukocytes, including neutrophils (40–65% of total leuko-
cytes), monocytes/macrophages (35–55%) and, mainly activated, CD8+ T lymphocytes 
(5–10%). It is unknown whether any of these cells can transfer functional cellular 
immunity from mother to child during breastfeeding.

Human milk also contains a number of cytokines and chemokines. These include 
the pro-inflammatory cytokines interleukin-1 (IL-1), IL-6, and tumor-necrosis fac-
tor-a (TNF-a), the TH1 cytokines g-interferon and IL-12, the TH2 cytokines IL-4, 
IL-5 and IL-13, the regulatory cytokines IL-10 and transforming growth factor-b 
(TGF-b) and the chemokines IL-8 and CCL5. Granulocyte-macrophage colony 
stimulating factor (GM-CSF), erythropoietin (EPO) and cortisol are also detectable 
in breast milk.

Apart from the components listed above with a direct effect on the immune system, 
breast milk contains a number of other ingredients which indirectly support the infant’s 
immune system, including vitamins, minerals, and nucleotides (Table 1.1).

Breast milk has been termed an irreplaceable immunological resource because it sup-
ports both passive and active immunity during the vulnerable first months and years of 
life (21). A number of components of breast milk indeed are irreplaceable, notably IgA 
(23, 24). These antibodies are formed by the mother in response to environmental expo-
sure to a range of potential pathogens. Because the mother and child share the same 
environment, they are exposed to the same range of micro-organisms. The spectrum of 
IgA antibody specificities in the breast milk of the mother thus matches the require-
ments of the baby. While IgA therefore is irreplaceable, other components can be used 
as additive in infant nutrition formulas, as will be detailed below.
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1.3 NUTRITION AND DEVELOPMENT OF THE IMMUNE SYSTEM

Because the immune system is immature at birth, malnutrition during childhood 
might have long-term effects on health status. Lack of adequate macronutrients or 
undernutrition impairs the development and differentiation of a normal immune system. 
The combination of chronic undernutrition and infection further weakens the immune 
response. Micronutrient deficiencies will affect the adaptive antibody and cellular 
immune response, as well as the innate immune response (25). Concurrent deficiency 
of micronutrients may attenuate or aggravate effects on the different components of the 
immune system. Therefore, when infants are deficient for one or more micronutrients, 
it is likely that their immune function is also impaired.

Unfortunately there is no single test or biomarker which can adequately define the 
overall immune status of a given individual (26). However, the measurement of several 
parameters of the separate components of the immune system in combination can be 
used to assess functional capacity: (a) measuring specific cell functions ex vivo, (b) 
measuring in vivo responses to challenge, for example change in the antibody levels in 
the peripheral blood or response to antigens, and (c) determining the incidence and 
severity of infection in target populations during naturally occurring episodes or in 
response to attenuated pathogens (26, 27).

The focus of this chapter is on replaceable ingredients of human milk and their (pos-
sible) relationships with immune function.

1.4  STIMULATION OF THE IMMUNE SYSTEM  
BY NUTRITIONAL INGREDIENTS

Table 1.1 summarizes data from studies that have been performed on immune stimu-
lation through selected ingredients. It must be realized that published RCTs are usually 
short-termed and not many longer term RCTs are available. When data from RCTs in 
babies and infants are lacking, data from human adult trials and in vitro and animal 
studies have been evaluated because they can give some clues about the activity of dif-
ferent ingredients.

The role of individual nutritional factors on function and development of the immune 
system is difficult to quantify because: (a) different ingredients may affect different 
components of the immune system, (b) numerous interactions between separate nutri-
tion factors do exist, (c) dose–effect relationships are difficult to establish in young 
children because of methodological aspects (significant non-nutritional confounding 
variables) and also because of ethical issues in designing intervention trials in infants, 
and (d) the relevance of subclinical deficiency of a given nutrient is often difficult to 
judge (subclinical inflammation or disease may result in lower plasma micronutrient 
concentration that may be misinterpreted as deficiency) (28). Low concentrations of 
other nutrients such as ascorbate and iron may not necessarily impair immune function. 
The same holds true for the relevance of the effects of short-term supplementation with 
supraoptimal doses as compared to the amounts usually contained within infant formu-
las. For many micronutrients, excessive intake is associated with impaired immune 
function (29).
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1.4.1 Minerals
A number of minerals, especially zinc, and also selenium, copper, and iron are essential 

for normal immune function. It must be noted that some minerals can compete for absorp-
tion in the body and an abundance of a given micronutrient might lead to a deficiency in 
another. Therefore, these potential interactions between minerals should be taken into 
account. While suppletion with minerals may have a positive effect on the development 
and function of the immune system it should be realized that many microorganisms also 
require iron and other trace elements for their survival and replication in the host.

Zn deficiency clearly is associated with a state of immunodeficiency: lymphopenia, 
thymic atrophy, and altered T-lymphocyte subsets and cytokine response profiles (25, 
30–32). The clinical symptoms of Zn deficiency include an increased susceptibility to 
infections, skin lesions, and diarrhea (25, 30). Zn is an essential cofactor for many 
enzymes, including thymic hormone, and Zn depletion decreases the functional capac-
ity of a variety of cells of the immune system. Zn supplementation reversed the impaired 
immune functions, including cytokine production and reduced the incidence of diarrhea 
and pneumonia, both in adults and children (33, 34). Zn should not be overdosed, 
because this can have negative effects on the immune status (32). Zn deficiency often is 
a component of protein calorie malnutrition (PCM) and under those circumstances the 
suppletion of Zn alone is insufficient to restore the immune status.

Se deficiency, which like Zn can be associated with PCM and also with vitamin E 
deficiency, impairs antioxidant defense systems and leads to rapid progression of viral 
and other infections as well as to cardiomyopathy (25, 35). Model studies show that Se 
influences many components of the immune system (35), because of its critical role for 
the function of selenoproteins. It has been demonstrated that the fortification of infant 
formulas with Se improves the Se status of infants (36). Attention must be paid to the 
risk of subclinical Se deficiency especially in premature infants. Furthermore, the sup-
plementation of Se should be carefully monitored because of the small range between 
inadequate and excessive Se intake (37).

Iron has diverse and partly opposing roles in host defense against infectious diseases. 
Within the gut lumen, bacterial growth depends on the bioavailability of Fe, and lacto-
ferrin has potent antibacterial effects because of its Fe-sequestering properties. On the 
other hand, Fe deficiency causes T lymphocyte dysfunction, manifested in impaired 
delayed type hypersensitivity reactions as well as a number of other immune defects 
(decreased IgG levels and phagocytic activity) (25, 38, 39). Different components of the 
immune system are affected in different ways depending on the degree of Fe deficiency 
and concomitant infections. Clinically, Fe-deficiency anemia is frequently associated 
with infections. Oral Fe supplementation can have different effects in malaria regions 
as compared with nonmalaria regions; morbidity/mortality may be worsened by Fe sup-
plementation during infection with Fe-dependent organisms. Excess Fe intake should 
be avoided because it can induce free-radical–mediated damage and may have negative 
effects on Cu and Zn status.

Cu (and Zn) deficiency are fairly common in children with hypoproteinemia and 
anemia. Cu deficiency may cause lymphopenia and a decreased IL-2 response. the 
clinical signs of Cu deficiency are anemia, neutropenia, depressed growth, and 
abnormal bone development (25, 40). Cu is an essential cofactor of a number of 
antioxidant enzymes. Cu intake should be carefully controlled because excess Cu can 
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induce free-radical-mediated damage. Supraoptimal Zn and Fe intake, however, can 
cause a lower Cu status (40, 41).

Mn is needed for normal immune function because mitochondria and a number of 
 cellular enzymes are Mn dependent (42). The direct clinical consequence of Mn  deficiency, 
however, is not well known, and no recent RCTs have been published. It should be noted 
that excessive Mn may induce neurotoxicity in neonates receiving parenteral nutrition.

Ca, while being an obvious essential nutrient, probably does not have a specific role 
in the function of the immune system. In adults, Ca supplementation reduced the sever-
ity of enterotoxigenic E. coli -induced diarrhea (43). It has been speculated that low Ca 
intake may impair host resistance to food-borne intestinal infections. RCTs in infants 
have not been published.

1.4.2 Vitamins
Largely supportive evidence exists for an important role for a number of vitamins in 

the development and function of the immune system. Lack of adequate intake of antioxi-
dant vitamins can lead to clinically significant immune deficiency and infections in 
children (25). It thus has been demonstrated that vitamin A deficiency leads to the 
impairment of the activity of TH2 lymphocytes, phagocytes, and NK cells. Clinical signs 
of vitamin A deficiency include night blindness, mucosal damage, and dry skin (latter 
two conditions contributing to the loss of barrier function for entry of pathogens) and 
hyperkeratosis (22, 25). Vitamin A supplementation has been shown to reduce the risk 
of mortality and morbidity from some forms of diarrhea, measles, malaria, and HIV (44, 
45). In an RCT in infants 5–15 months old, it was demonstrated that the regulation of the 
mucosal immune response depends on the type of enteric pathogen. Furthermore, the 
effect of vitamin supplementation in infected children was significantly different from 
uninfected children (46). This may explain the variable and inconsistent effects of vita-
min supplementation on the incidence of diarrhoeal disease. Overdosing of vitamin A 
can, among other things, lead to loss of appetite, dermal dryness, and loss of hair (22).

In experimental animals, vitamin E deficiency is associated with specific defects in the 
immune function and increased susceptibility to infections. In humans too, severe vitamin 
E deficiency is associated with impaired T lymphocyte function (47). The correction of 
the deficient state may reverse these abnormalities (47). Clinical signs of milder vitamin 
E deficiency in man include atopic diseases as well as neurological symptoms (25).

Increase of intake of vitamin E can have an immune-stimulating effect (48–50).
A poor vitamin D status has been reported to be associated with chronic mycobacterial 

disease, and vitamin D may augment the function of regulatory T lymphocytes (51).
Vitamin D appears to be a selective regulator of the immune system and the outcome 

of vitamin D treatment or deficiency of vitamin D (receptor) depends on the nature of 
the immune response (e.g., infectious disease, asthma, or autoimmune disease) (52, 53). 
An additional factor that determines the effect of vitamin D status on immune function 
is dietary calcium.

Vitamin C is a good example of a nutrient wherein experimental animal deficiencies 
have shown a consistently increased susceptibility to infection, yet the evidence in 
human studies of disadvantage from deficiency or benefit from supplementation is at 
best contradictory.
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Overdosing of vitamins appears to have no negative effects on the function of the 
immune system, except for vitamin E, which at high doses may depress phagocytosis 
and intracellular killing of bacteria (49). The reports on the relation between excess 
vitamin D supplementation and the increased risk of food allergy and asthma in later 
life have methodological flaws: confounding factors, relative high doses used, and an 
extreme long period between supplementation and outcome assessment (54, 55).

1.4.3 Long-Chain Polyunsaturated Fatty Acids
Long-chain poly-unsaturated fatty acids (LC-PUFA) improve growth, visual acuity, 

and the neurodevelopmental performance of infants. Docosahexaenoic acid (DHA, 
22:6n-3) and arachidonic acid (AA, 20:4n-6) are the main LC-PUFA in breast milk. 
LC-PUFA of the n-3 and n-6 series are metabolic competitors with differential effects, 
for example, on eicosanoid metabolism, membrane physiology, as well as on immune 
function. Eicosapentaenoic acid (EPA, 20:5n-3) is found in only minor concentrations 
in breast milk and infant tissues and is a direct metabolic competitor of AA.

It has been demonstrated in in vitro studies and in experimental animals that DHA 
and AA can alter immune function in several ways (56). Thus, fatty acids can affect T 
lymphocyte functions by increasing or decreasing the production of eicosanoids from 
AA. n-3 LC-PUFA decrease the production of these mediators (57). Furthermore, EPA 
is a substrate for cyclooxygenase and lipoxygenase enzymes leading to eicosanoids of 
altered structure and reduced biological potency. A novel family of EPA derived eicosa-
noid-like mediators, termed E- and D- resolvins, have been shown in cell culture and 
animal models to be anti-inflammatory and inflammation resolving, respectively (58). 
Fatty acids can also alter gene expression profiles through the modification of transcrip-
tion factor activity as well as by incorporation of n-3LC-PUFA into membrane phos-
pholipids and the subsequent modulation of membrane structure and function. N-3 
LC-PUFAs are potentially potent anti-inflammatory agents and they may be of thera-
peutic use in acute and chronic inflammatory diseases (57). From a different perspec-
tive, it has been hypothesized that increased n-6 PUFA and decreased n-3 PUFA dietary 
intakes have contributed to the recent increases in asthma and other allergic diseases 
(59). The associations with n-6 and n-3 PUFA, however, appear to be very complex and 
might differ between asthma and atopic dermatitis. In atopic dermatitis, a mild enzyme 
deficiency has been proposed, resulting in altered PUFA metabolism that compromises 
epithelial structure and function (60).

There are only few data on the effects of PUFA supplementation in infants. In pre-
term babies, the addition of LC-PUFA to infant formula resulted in lymphocyte popula-
tions, phospholipid composition, and cytokine production that are more consistent with 
that in breast milk–fed infants (61, 62).

Although large amounts of LC-PUFA may increase lipid peroxidation and oxidative 
stress, there is no evidence that concentrations within the range found in human milk 
are harmful. For instance, a recent RCT in preterm infants demonstrated that plasma 
LC-PUFA levels similar to those of breast-fed babies can be achieved with LC-PUFA 
supplemented formula without evidence of adverse effects (63).

In 1998, the Life Science Research Office (LSRO) expert committee did not set mini-
mum and maximum values for the addition of LC-PUFA to infant formulas, but later on 
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European expert reports supported the optional addition of DHA and AA (22). At this 
moment, there is no sufficient documentation of the benefits and safety of the addition 
of DHA to infant formula at levels above 0.5% of total fat content, or of DHA without 
concomitant addition of AA. If LC-PUFA is added, proper balance between n-6/n-3 
should be taken care of. Note that the requirements established by the Scientific 
Committee on Food are slightly different from the European Society of Pediatric 
Gastroenterology, Hepatology and Nutrition, ESPGHAN (22, 64).

Clearly, there is a need for larger, properly designed, and controlled studies with longer 
follow-up with respect to functional outcomes in relation to intake levels of LC-PUFA in 
healthy term infants (64). Also more studies are needed for the potential prophylactic 
effect of n-3 fatty acid supplementation on the development of asthma (60, 65).

1.4.4 Prebiotics
As already indicated above, the intestinal microbiota plays an important role in post-

natal development of the immune system. The lower incidence of (gastrointestinal) 
infections found in breast-fed infants may be related in part to the early pattern of 
microbial colonization. The colonizing bifidobacteria and lactobacilli may inhibit the 
growth of pathogenic microorganisms through the production of lactic, acetic, and other 
organic acids, with a consequent decrease of the intraluminal pH that inhibits the growth 
of some bacterial pathogens. In contrast, formula feeding tends to favor microbiota 
associated with a near neutral pH of the feces. Moreover, bifidobacteria and lactobacilli 
compete with potentially pathogenic bacteria for nutrients and epithelial adhesion sites. 
Accumulating evidence also indicates that the gut microbiota modulates mucosal physi-
ology, barrier function, and systemic immunologic and inflammatory responses (66).

Two different approaches can be taken to modify the development and balance of intes-
tinal microbiota: the first one is the addition of live lactic acid bacteria and bifidobacteria 
(probiotics; see below) and the second one is the addition of oligosaccharides that survive 
passage through the small intestine and are used by colonic bacteria (prebiotics).

Breast milk contains many different oligosaccharides that may have prebiotic activity 
and thus have an effect on the composition of the intestinal microbiota. Because of the 
variety, variability, complexity, and polymorphism of the structure of breast milk oligo-
sccharides, it is currently not feasible to add a similar oligosaccharide composition as 
contained in human milk to infant formulas. Alternatively, the addition of a more simple 
mixture of galacto-oligosaccharides (GOS) and long-chain fructo-oligosaccharides 
(FOS) to infant formulas and to follow-on formulas has been proposed (67, 68).

Accumulating evidence indicates that the addition of oligosaccharides to infant for-
mula may induce a composition and metabolic activity of the intestinal microbiota 
which closely resembles that of breast-fed infants (69). Most studies thus far have been 
performed with a combination of 90% short chain GOS and 10% long chain FOS. 
While the bifidogenic effect of prebiotics has convincingly been demonstrated, limited 
data exist on the direct effects on the infants immune system (70–72). There is evidence 
that prebiotics may improve the antibody response to vaccination and may reduce the 
incidence of atopic dermatitis (70, 73, 74). Expert committee reports conclude that at 
present there is insufficient conclusive evidence that a bifidobacteria-dominated micro-
biota is related to health and well-being and offers protection against enteric infections 
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(64, 66). On the other hand, the Scientific Committee on Food had no objections against 
the addition of a combination of 90/10% GOS/FOS. An upper level of supplementation 
has been proposed (Table 1.1) based on indications from animal studies that above a 
certain threshold concentration, oligosaccharides may have a negative effect on water 
balance (64). Clearly, additional research is needed on optimal composition and the 
dosage of (combinations of) different oligosaccharides.

1.4.5 Probiotics
Probiotics are live, microbial food ingredients that, when administered in sufficient 

amounts, are beneficial to health. The bacterial strains with these properties most frequently 
belong to the genera Bifidobacterium and Lactobacillus. Probiotics can have a health-pro-
moting effect by interaction with gut microbiota, fortification of gut barrier function, and 
modulation of the immune system. The net outcome of these combined activities is an 
increase of host defense against infections. In this respect, several studies have shown that 
the addition of probiotics to infant formulas has beneficial effects, especially in reducing 
the severity of acute diarrhea (75). Probiotics also have been demonstrated to be effective 
in the prevention of antibiotic-associated diarrhea, to reduce the incidence and severity of 
necrotizing enterocolitis and to reduce recurrent Clostridium difficile infections (76–78). 
The interaction of probiotics with cells of the immune system, in particular, dendritic cells 
results in improved function of regulatory T cells (Fig. 1.2) (79, 80). Probiotics therefore 
may be effective in the prevention of atopic dermatitis, asthma and other allergic and 
immune-mediated diseases. Clinical studies suggest a beneficial effect of selected probiot-
ics in the primary prevention of atopic diseases (81, 82). So far, no effects have been shown 
in the management or prevention of IgE-mediated allergic disease (83). If the efficacy of 
probiotics in the treatment of allergic symptoms can be confirmed in subsequent studies, it 
is reasonable to expect that this may be more obvious in or even limited to infancy and early 
childhood, that is, before the immune responses to allergens and immune regulatory 

Fig. 1.2. Interaction between probiotics and the mucosal immune system in the gut.
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networks have been fully developed and at a time when the complex ecosystem of gut 
microbiota is not yet established (window of opportunity) (84).

It should be noted that in most studies different (combinations of) strains and species 
of probiotic bacteria have been used. “Not all probiotics are created equal” and there-
fore different strains may have different effects and more research is needed into mecha-
nisms of action of individual probiotic strains (84). The administration of probiotics to 
(even preterm) infants appears to be safe and no serious adverse effects, including no 
cases of pathogenic infections caused by a probiotic organism, have been reported 
(85–89). Yet, probiotics are not indicated for immunocompromised neonates (malnour-
ished, ill), and their long-term effects on the development and function of the immune 
system have not been studied in detail (78).

1.4.6 Nucleotides
In breast milk, nucleotides are present as nucleic acids, nucleosides, nucleotides, 

and related metabolic products. An exogenous supply of nucleotides may be impor-
tant during infancy, when nucleotides requirements are increased to provide for 
nucleic acid synthesis. This may be especially important for infants born prematurely, 
since preterm birth is associated with the limitations of many metabolic functions and 
breastfeeding is not always possible. In addition to serving as nucleic acid precursors, 
nucleotides play roles as intercellular and intracellular biological mediators. Infant 
formulas supplemented with nucleotides are currently being marketed. Animals fed 
nucleotides-supplemented versus non-supplemented diets show enhanced indices of 
humoral and cellular immunity, as well as enhanced survival rates following infection 
with pathogens (90).

A number of randomized studies in pre-term as well as healthy full-term babies 
show an improved antibody response after vaccination and enhanced lymphocyte 
maturation by the addition of free nucleotides to infant formulas (91–93). However, the 
results of recent large RCTs are not always consistent. For instance, in a large RCT 
supplementation of cow’s milk-based formula at a lower dosage level of nucleotides 
resulted in only a modest improvement in certain antibody responses in healthy-term 
infants, with no effect on other markers of immune status and growth (94). The authors 
speculate that the most of the benefits of nucleotides may be obtained by high-risk 
infants such as those born prematurely and those from socially disadvantaged back-
grounds (94). Some studies in infants indicate that the addition of nucleotides may 
protect against diarrhoeal disease (90, 94, 95). However, there are few data from well-
controlled studies to demonstrate that nucleotides may reduce the risk of infections.

There are no studies available that evaluate a dose–response relationship between the 
concentrations of nucleotides in infant formula and relevant outcomes in infants. In dif-
ferent regions of the world, the recommended maximum doses of nucleotides vary (64, 
65, 96). A recent RCT suggested a negative effect of nucleotides supplementation on 
the incidence of upper respiratory tract infections throughout the 1st year of life (95).

Whether the observed immunomodulating effects may be translated into clinical 
benefits in well-nourished infants requires further study. Also, more research is needed 
into the relative contribution of individual nucleotides and into optimum dosage levels 
and working mechanisms.
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1.4.7 Miscellaneous Ingredients
Apart from the nutrition factors discussed above, there is circumstantial evidence for the 

immunostimulating effects of several other food ingredients, such as vitamin B12 (49).
Furthermore, breast milk contains a number of proteins with antibacterial activity, 

which potentially could be added to infant formula. It is technically feasible to add 
bovine lactoferrin or transgenic human transferrin, but bovine lactoferrin does not bind 
consistently to human lactoferrin receptors and does not increase Fe absorption. Bovine 
lactoferrin has, however, been shown to reduce late-onset sepsis in very low-birth-weight 
infants (97). Efficacy and safety studies of human lactoferrin are currently ongoing.

Gangliosides are glycosphingolipids that contain sialic acid (N-acetylneuraminic 
acid) as part of their carbohydrate moiety. GM, a ganglioside present in human milk, 
binds to E. coli and Vibrio cholerae toxins and thus may contribute to infant protection 
against infection by those enteropathogens (98, 99).

Breast milk is a rich source of sialic acid-containing oligosaccharides. Animal studies 
documented favorable effects of supplemental sialic acid on learning, even in well-nourished 
animals. In infants who died of sudden infant death syndrome, higher brain ganglioside and 
glycoprotein sialic acid concentrations were found in infants fed breast milk, suggesting 
increased synaptogenesis and differences in neurodevelopment. (100). The same research 
group reported that the saliva of preterm breast-fed infants contains twice the level of sialic 
acid as that in formula-fed infants. The higher sialic acid level may suggest greater viscosity 
and enhanced protection of the mucosal surfaces in breast-fed infants (100, 101). In the 
absence of sufficient data, no recommendations can be made on the addition of sialic acid, 
which, unless supplemented, is lower in infant formula than in human milk (64).

L-carnitine is considered an indispensable nutrient for newborn infants because of a 
temporarily compromised synthesizing capacity. Its function is the transport across 
membranes of carboxylic acids that have been activated to the co-enzyme A level, 
thereby delivering substrates for oxidation and removing toxic compounds. Infants 
receiving unsupplemented soy showed lower serum levels of carnitine, higher levels of 
free fatty acids, and an increased excretion of medium-chain dicarboxylic acids. The 
minimal dietary carnitine requirement of a newborn infant has been estimated to be 1.7 
mg/kg/day due to the almost absent endogenous synthesis. Because cow’s milk is rich 
in carnitine compared to human milk, carnitine addition to cow’s milk-based formula is 
not necessary. Supply from appropriate complementary food and from endogeneous 
synthesis should be sufficient in older infants (64).

ESPGHAN experts set a minimum L-carnitine content of 1.2 mg/100 kcal. In the 
absence of indications of any untoward effects of higher L-carnitine intakes in infants, 
no maximum level is needed to be set (63).

1.5  CONTRIBUTION OF INFANT FORMULA TO THE DEVELOPMENT 
AND FUNCTION OF THE IMMUNE SYSTEM

1.5.1 Compositional Requirements of Infant Formulas
Different scientific and regulatory bodies have established compositional require-

ments of infant formulas (63, 64, 96). The first guiding principle is that human breast 
milk is the gold standard. However, the levels of the various (immunomodulatory) 
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components in human milk are not easily to be translated into composition guidelines 
for infant formula, because of possible differences in bioavailability and the fact that 
substances other than components found in human milk may need to be used to achieve 
the desired effects in infants. The second principle is that all infant formulas must be 
safe and nutritionally adequate, meeting the normal nutritional requirements of babies. 
The establishment of minimum and maximum values also must take into account the 
differences in bioavailability and losses during processing and shelf-life. Thirdly, maxi-
mum nutrient values are based on available scientific data on infants’ requirements and 
the absence of adverse effects. The immature organ system should not be charged with 
ingredients without reasonable evidence of efficacy. Infant formulas should therefore 
contain components only in such amounts that serve a nutritional purpose, provide 
another benefit, or are necessary for technological reasons.

1.5.2 Assessment Composition of Infant Formulas
In order to evaluate how the accumulating knowledge on immunomodulation by 

nutrition ingredients has been translated into the incorporation of these ingredients in 
infant formula currently available, we have assessed the composition of five infant for-
mula products available on the Asian market. This specific geographic area and market 
was chosen because children born in this region experience a high infection pressure 
due to climatic and social–economic circumstances. In Asia, there is a high awareness 
among parents for protecting their children against infectious diseases. Because of the 
awareness and concern of parents for the health status of their baby, a broad spectrum 
of infant formulas supplemented with ingredients which may support the infant’s 
immune system is available on the market.

The compositional data were evaluated, taking into consideration the estimated 
strength of evidence for immunostimulating effects of separate nutrition factors, and in 
comparison with the requirements for infant formulas (Fig. 1.3). Note that ingredients 
which from a nutritional viewpoint may be important for growth and development, but 
have no impact on the immune system, are not listed in the figure.

We used nutrient requirement levels established by the most recent expert consulta-
tion by ESPGHAN (63) except for specific values for separate nucleotides and oligosac-
charides that were taken from the earlier report of the Scientific Committee on Food 
(64); see Fig. 1.3. Specific nutritional requirements for infant formula for 1–3 years old 
toddlers have not been established. We therefore extrapolated figures for nutrient 
requirement of formula products for this age group from the Scientific Committee on 
Food data on follow-on formulas, albeit follow-on formulas actually have been defined 
for 6–12 months old babies (64), and realizing that the daily doses of formula products 
consumed by this age group – next to increasing amounts of complementary feeding – 
are highly variable. This approach allowed to at least obtain a gross indication of the 
contribution of these formula products to the immune system in toddlers.

The assessment shows (Fig. 1.3) that all leading brands have added fatty acids, vita-
mins, and minerals and four out of five also nucleotides. Prebiotics and probiotics are 
not yet widely used and in most cases these ingredients are not added to 0–6 months 
formula products.
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Fig. 1.3. Comparison of immunomodulating ingredients in infant formula. Composition in compari-
son with requirements, taking into account the strength of evidence for immune stimulating effects. 
Green rectangles () indicate that the compound is present within the recommended range (see Table 
1.1); Orange (): concentration above maximal recommended level or ratio DHA/AA outside the 
range. Blue symbols () indicate the presence of compounds for which no recommendations exist. 
Open spaces indicate absence of the particular compound (i.e., not listed on the label) or a concentra-
tion below the minimal recommended concentration. Upper half rectangles (): 0–6 months formula, 
lower half rectangles (): 1–3 years formula. Columns A–E represent infant formulas from different 
brands. Strength of evidence graded as ±: Circumstantial evidence: data from in vitro/animal studies 
only or data from a single study; +: Some supportive evidence, including data from a small number 
of human trials; ++: Fairly supportive evidence: data from different type of studies, for example, in 
adult subjects or pre-term infants; +++: Largely supportive evidence: consistent results from different 
type of studies, including RCTs in (malnourished) infants.
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1.6 CONCLUSIONS AND PERSPECTIVES

During the first 6 months of life, the infant’s immune system develops gradually. 
Every primary infection the baby experiences, induces a response which leads to the 
elimination of the invading pathogen and to the generation of specific memory T and B 
lymphocytes which protect against the recurrence of infection with the same pathogen. 
As a general rule, the number of infectious episodes decreases with age. Especially dur-
ing the first 6 months, but also thereafter, it remains important to sustain the infant’s 
immune system in order to protect against infections. In order to be able to grow up and 
develop in a world teeming with micro-organisms, the infant depends on an adequate 
function of the immune system. Breastfeeding and infant formula supplemented with 
specific ingredients as indicated in this chapter, support the infant’s immune system.
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2 Breast Milk: Components with 
Immune Modulating Potential  
and Their Possible Role in Immune 
Mediated Disease Resistance
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Key Points

Breast milk contains several interesting immune modulating components with spe-•	
cific modulating potentials, which are known to have a clear role in immune medi-
ated disease resistance later in life.
The development and deterioration of our immune defenses show differences as well •	
as similarities in immunological challenges throughout life.
Each phase in life puts specific requirements on nutrition, although no clear state-•	
ment can be made based on literature as to what the exact dietary requirements are 
in order to fully support the immune system during life.

Key Words: Immune-modulation, protection, breast milk components, infant,  
adult, disease.

2.1  INTRODUCTION

The ontogeny of the immune system starts early in gestation but is not completed at 
birth. The highly protective germ-free environment and the need to avoid immunologi-
cal interactions of the infant against the mother seems to be the main reason for this 
“physiological” immaturity of the immune system in newborn infants. The immaturity 
is characterized by deficiencies of the innate and the adaptive immune responses. The 
insufficient innate immune response is evident by an improper chemical barrier (1), a 
weak mucosal barrier integrity (2), reduced NK cell responsiveness, defective APC 
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function (3), and reduced gene expression in DCs (i.e., IL-12) (4), which is  ccompanied 
by DCs biased against Th1 response induction (5). In addition, the pathogen recogni-
tion apparatus, although present does not respond properly in human neonates, resulting 
in, for example, impaired TLR responsiveness and pathogen recognition (1, 6). Furthermore, 
it is increasingly recognized that regulatory T cells, which inhibit excessive immune 
responses thereby maintaining peripheral T-cell tolerance, are particularly abundant 
and potent at birth (7). The adaptive immune system still needs to mature completely 
and get in contact with pathogens in order to build upon a proper memory. T-cell gen-
eration (8) and function (9) in neonates is not fully developed. In addition, neonatal B 
cells are capable of switching to IgG1 and IgG3 during the first 2 years of life, but the 
switch to IgG2 and IgG3 is inadequate during this period. To compensate the lack of 
protection in the fetus and newborn, microbe-specific maternal IgG antibodies move 
across the placental barrier to provide some vital protection. After birth, breastfeeding 
maintains the maternal–fetal immunological link by transferring immune competence 
of the mother to her infant. Anti-infective compounds provide directly defense poten-
tial and immune modulating compounds stimulate the postnatal development of all 
levels of the immune system. Both groups of factors contribute to the protection during 
lactation but there is broad consensus that the immune modulation of the infant during 
lactation has also consequences for the immune response after lactation. The present 
review describes the protective and immune modulatory factors in breast milk which 
are considered important for the neonate defense system during the very vulnerable 
period  immediately after birth and also for the programming of the immune system for 
later life.

2.2  NATURAL DEFENSES THROUGHOUT LIFE

In principle, the human body is protected by various nonspecific defense mecha-
nisms. Pathogens that break through the mucosal surface barrier encounter two addi-
tional levels of defense, the innate and acquired immune responses. The efficient 
cross-talk between innate and acquired immunity enables the powerful host defense 
protecting us from immune-related disorders and pathogenic invaders. The innate 
immune response is immediately activated after infection, while the acquired immune 
response takes at least several days for full development. Increased susceptibility to 
infections and decreased immune responsiveness are indeed present during the first 
years of life and are in part related to the incapacity of the infant’s immune system to 
respond properly. It is important to maintain proper levels of immune defenses through-
out life as they are challenged daily. During the different phases of life, several factors 
influence our immune system and immune responsiveness, such as nutrition, hormonal 
changes during adolescence and so on. A vast amount of literature is available on the 
role that nutrients, that is, as present in breast milk (as reviewed in this article), have on 
the development of the immune system; a lot less is known about the exact requirements 
in the phases thereafter, that is, in toddlers, during adolescence, and in the later stages 
of life. Although it is clear that each phase in life puts specific requirements on nutri-
tion, no clear statement can be made based on literature as to what the exact dietary 
requirements are in order to fully support the immune system during these stages in life. 
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The aging processes induce multiple changes in metabolism, the hormones network, the 
immune system, which can modulate the efficiency and effectiveness of the immune 
system, determining a response to stressors. For example, normal aging is associated 
with deregulated immune and inflammatory responses, which results in increased sus-
ceptibility toward infections in the elderly. Host resistance in general undergoes changes 
in both a qualitative and quantitative manner with aging as a declined T cell function is 
the best-characterized feature of immunosenescence. The development and deteriora-
tion of our immune defenses is schematically represented in Fig. 2.1, illustrating differ-
ences and also similarities in immune challenges throughout life.

2.3  ROLE OF BREASTFEEDING

The human immune system can be easily modified during the first years of life, 
which is necessary to complete protection against infections and sufficiently tolerate 
non-harmful environmental agents. Breastfeeding is adapted to the infant’s require-
ments and may compensate for the relative inefficiency of host defense by providing 
considerable amounts of both nonspecific as well as pathogen-specific secretory IgA 
(sIgA). These antibodies, which are formed as a consequence of the previous exposure 
to infectious agents by the mother, can bind and inactivate potential harmful pathogens. 
In addition to the antibodies, breast milk contains several other nonspecific factors that 
have antimicrobial effects, or provide protection to the infant through alternative 
routes. These factors with immunological, hormonal, enzymatic, trophic, and/or bio-
activity present in breast milk may offer passive protection (10). Other factors like 
macrophages and leukocytes, largely present at the beginning of lactation, may exert a 
more modulatory effect on the neonatal immune system and provide additional protec-
tion (11). Breast milk contains several immune-modulatory compounds, including the 
antibodies, IgGs, IgMs, isoforms of immunoglobulins (sIgA), nucleotides, specific 
amino acids (taurine, polyamines), PUFA’s (eicosapentaenoic acid, docosahexaenoic 
acid), monoglycerides, lauric acid, linoleic acid, cytokines and chemokines, soluble 
receptors (CD14, sTLR2), antibacterial proteins/peptides (lactoferrin, lysosyme, 
b-lactoglobulin, casein), prebiotics, oligosaccharides, and intact immune cells as well 
reviewed by M’Rabet et al. (12). Several of these components have been extensively 
studied on their specific immune modulating potencies in general as reviewed by 
Calder et al. (13).

2.4  IMMUNE MODULATION PROPERTIES OF BREAST MILK

Several reports confirm that the immunological components of human milk can influ-
ence the infant’s immune response. The influence of breastfeeding compared to formula 
feeding on immune modulation has been studied in infants by measuring, for instance, 
vaccination responses, but also incidences of infections, allergies, etc. As recommended 
by the WHO and the International Life Science Institute, the immune response after vac-
cination can be taken as an objective measurement or model to evaluate the immune 
response (14). A vaccination response can be measured by vaccine-specific ex vivo cell 
proliferation and cytokine production and by the level of neutralizing antibodies (9) cov-
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ering both the efficiency and magnitude of antigen-specific T and B cell responses. For 
example in 12-month-old children receiving breast milk, an increased production of IFN-
gamma and increased percentage of CD56+CD8+ cells (activated cytotoxic T cells) after 
measles–mumps–rubella vaccination were seen, as compared with formula-fed infants. 
In addition, cytokine responses to measles, mumps, and rubella vaccination differed 
between the two types of nutrition (15). These results are suggestive of a more Th1 type 
of responsiveness in breastfed infants as compared to formula-fed infants.

2.5  ANTI-INFECTIVE PROPERTIES OF HUMAN MILK

Several studies have shown the protective capacity of breast milk. It is known that 
breastfeeding reduces the incidence of gastrointestinal and nonenteric infections in 
infants because of its antimicrobial activity against several viruses, bacteria, and protozoa 
as reviewed by Chirico et al. (16). It was shown in a recent meta-analysis that infants who 
were breastfed for more than 4 months showed a significant reduced incidence of respira-
tory tract infection requiring hospitalization, as compared to infants who were not breast-
fed (17). In addition, the risk for infectious diarrhea is higher in nonbreastfed infants, 
than for infants receiving human milk. Other studies showed that breastfeeding provides 
protection against urinary tract infections and otitis media (18, 19). It can reduce infant 
mortality, and protect, for instance, against neonatal  meningitis and septicemia. In addi-
tion, protection is also clearly demonstrated against respiratory infections. These studies 
show the clear protective nature of human milk against all sorts of invasive pathogens. In 
addition to that, human milk has been shown to reduce the development of inflammatory 
conditions such as allergy (20), Crohn’s disease, ulcerative colitis, and protect possibly 
against certain other immunological diseases such as insulin dependent diabetes and 
tumors in infancy (21, 22). This, moreover, emphasizes the diversity of activity and 
active components present in human breast milk.

2.6  ANTI-INFLAMMATORY PROPERTIES OF BREAST MILK

During the bacterial colonization of the newborn’s mucosal surfaces, including the 
skin and gut, a huge amount of microbial components are brought in acute contact with 
the sterile neonate. The coordination of the inflammatory response developed after this 
first contact is of vital importance. The epithelial layer, together with the intra-epithelial 
and lamina propria immune competent cells, is the most important player in regulating 
the recognition of microorganisms and maintenance of gut homeostasis. Spontaneous 
integrin expression on several lymphocytes at 6 months of age was reported signifi-
cantly lower in breastfed than formula-fed infants, which is indicative for the anti-
inflammatory potency of human breast milk.

2.7  THE ONSET OF ALLERGIES VS. BREAST MILK

According to the hygiene hypothesis, for instance, the exposure of microbial 
 components including TLR agonists early in life serves to polarize the immune response 
away from Th2 responses toward a more Th1 type of response, thereby reducing the 
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onset of allergy and/or atopy. Consistent with this hypothesis is the inverse epidemio-
logical  relationship between the decreasing rate of common infections (in industrialized 
countries) and the parallely increasing rate of allergy and autoimmune diseases. 
However, the improving vaccination strategies occurring simultaneously may hamper 
this view. It is clear, however, that the onset of allergy is influenced by breast milk as 
well as atopy-related disorders (23–25) although some controversy exists regarding the 
beneficial length of breastfeeding (26–28). In a multidisciplinary review of the literature 
(1966–2001) van Odijk et al. (23) showed that exclusive breastfeeding reduces the risk 
of asthma, particularly, strong effects in infants with atopic heredity. These protective 
effects increase with the duration of breastfeeding (up to at least 4 months). These 
 protective effects of human breast milk seem to persist at least during the first decade 
of life.

2.8  DURATION OF BREASTFEEDING

While discussing maternal factors and their influence on the immune system, it is 
important to recognize that human milk composition differs in time elapsed postpartum, 
in density, and composition. The favorable duration of breastfeeding differs between 
country and continent, due to the environmental challenges and cultural opinions. 
Several studies have been performed to determine the optimal duration of breastfeeding. 
In general, it can be stated that breastfeeding for less than 2 months may be deleterious 
because of lack of exposure to the protective factors in breast milk. In addition, there 
are some indications that breastfeeding for longer than 8 months is associated with 
increased BMI and percentage of body fat in later life (29). Currently, it is recom-
mended to breastfeed exclusively during the first 6 months of infant life. Although 
breastfeeding can prevent 13–15% of child deaths in low-income countries, in some 
circumstances, breastfeeding can present a terrible dilemma, for instance, in the risk for 
transition of pathogens like HIV. Through breastfeeding, over 300,000 children are 
infected with HIV every year, as estimated by UNAIDS. However, a significant increase 
in early mortality was identified in studies in Kenya (11% vs. 9%) and Botswana (9.3% 
vs 4.9%; P = .003) in formula-fed versus breastfed infants (30). When HIV-positive 
mothers breastfeed exclusively, infection with HIV of their babies is relatively low 
(4%). This risk is lower than that in babies who receive other food or liquids in addition 
to breast milk before 6 months of age. Exclusive breastfeeding protects the integrity of 
the intestinal mucosa of the infant, which may thereby be a more effective barrier to 
HIV infection. Therefore, it has been advised that in developing countries, early exclu-
sive breastfeeding reduces the risk of postnatal HIV-1 transmission and increases HIV-
free survival (31). However, in better resourced areas, these differences have not been 
reported. This reinforces the UNAIDS guidelines on breastfeeding for HIV-infected 
mothers – namely, “where replacement feeding is acceptable, feasible, affordable, sus-
tainable, and safe, avoidance of all breastfeeding is recommended, otherwise exclusive 
breastfeeding is recommended for the first few months of life.” The WHO established 
a global determined goal, which states that in 2010 within the healthy population at least 
an initiation rate of 75% breastfeeding should be possible to reach. In addition, a breast-
feeding rate of 50% at 6 months and 25% at 1 year is favorable. Although initiation rates 
approach 70%, rates at 6 months (33%) and 1 year (18%) currently remain low; in 2009, 
these goals have not been reached yet.
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2.9  IMMUNE MODULATION CAPACITY OF SPECIFIC  
COMPONENTS AND EFFECT LATER IN LIFE

Researchers are actively investigating how dietary modifications that influence the 
immune system can be used to reduce the risk of various diseases or to improve their 
management. Most host defense mechanisms are impaired in malnutrition, even if the 
nutritional deficiency is only moderate in severity. Protein-energy malnutrition is often 
accompanied by deficiencies of micronutrients such as vitamin A, vitamin E, vitamin 
B6, vitamin C, folate, zinc, iron, copper, and selenium. For example, the rapid prolifer-
ating T cells responding to pathogens are especially affected by the lack of essential 
nutrients, resulting in a decrease in their numbers. Severe and chronic malnutrition may 
even lead to atrophy of the thymus and other lymphoid organs affecting the basis of our 
immune apparatus. The possibility that supplementation with certain nutrients, like 
vitamin C, D, or E, at levels above the Recommended Dietary Allowances (RDA), and 
food constituents such as probiotics and prebiotics may improve immune function 
in vulnerable individuals, like the elderly or immune compromised, but also in the gen-
eral population is subject to increasing research. Compounds with specific immune 

Table 2.1 
Immune modulating breast milk componentsa

Components Activity
References 
(infant)

References 
(adult)

Carbohydrates
Oligosaccharides,  

glycoconjugates
Modulation of micro-

biota and immune 
function, antiadhesive 
function

(66–68) (69, 82)

Antioxidants 
Vitamin A, C, E, catalase,  
glutathione peroxidase,  
lutein, etc.

Radical scavenging, anti-
inflammatory activity

(63, 70) (62)

Lipids/PUFAs 
Free fatty acids, monoglycerides 
 
Arachidonic acid,  
docosahexaenoic acids, etc.

Antimicrobial  
and antiviral effects

Modulation of prostag-
landin production Im-
mune modulation

(10)

(71, 72)

(73)

Carrier proteins 
Lactoferrin, transferrin, vitamin 
B-12 binding protein, steroid 
binding protein, a-lactalbumin, 
k-casein

Antimicrobial activity, 
immune modulation, 
microbicidal effect and 
iron binding capacity

(74–76) (35, 36, 77).

Bacteria 
Bifidobacteria, Lactobacillus Modulation of microbiota 

and immune function
(78–81) (55, 59)

aThe list is a small selection of immune modulating compounds present in breast milk, with the focus on 
immune-modulating ingredients which are also used in daily diet/supplements to improve immune functions
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modulation capacity present in breast milk and used to supplement daily diet are 
depicted in Table 2.1 and some of which are discussed below in more detail.

2.9.1   Proteins
Major nutrient groups with several important bioactive factors are the proteins, 

including immune-globulins, lactoferrin, lysozyme, a-lactalbumin and casein. 
Lactoferrin is a proteolysis-resistant glycoprotein and one of the most abundant proteins 
in human milk. An impressive range of effects have contributed to lactoferrin which 
include direct antimicrobial activities against a large panel of microorganisms, includ-
ing bacteria, viruses, fungi, and parasites, and anti-inflammatory effects in addition to 
anticancer activities. Lactoferrin limits bacterial and fungal growth by competing for 
essential iron and may act as an alarmin to promote the recruitment and activation of 
APCs and antigen-specific immune responses (32–34). In addition, epithelial growth-
promoting activities have been associated with lactoferrin. Ingesting lactoferrin relieves 
some symptoms of H. pylori gastric infection and increases the eradication of H. pylori 
in the stomach (35). In addition, benefits have been shown on rotaviral gastroenteritis 
and the possible inhibition of colorectal adenoma development. This indicates that pro-
tective immune modulatory proteins are present in human milk and may be of use in 
disease-specific conditions. The exact mechanism of action as well as the benefit for 
healthy adults still needs to be addressed.

Besides lactoferrin other interesting proteins are present in human breast milk 
 including the enzyme lysozyme which inhibits the growth of many bacterial species by 
disrupting the bacterial cell wall, more specifically, the proteoglycan layer. In addition, 
casein may inhibit the adhesion of various bacteria at different epithelial sites. 
Lactalbumin is part of an enzyme complex that synthesizes lactose, and upon modifica-
tion seems to contribute to the apoptosis of malignant cells. The anti-secretory factor is 
a protein present in most tissues in the body, and the plasma levels of anti-secretory 
factor can be increased by exposure to bacterial enterotoxins and to specially processed 
cereals. The anti-secretory effect has been shown in patients with secretory diarrhea, 
and the additional anti-inflammatory effect of anti-secretory factor has been demon-
strated in ulcerative colitis and Crohn’s disease (36).

2.9.2   Lipids
Another major nutrient and energy source in breast milk are the lipids, including long 

chain polyunsaturated fatty acids (PUFA), triglycerides, glycosphingolipids and free 
fatty acids (FFA). Monoglycerides, digestive products of triglycerides and some FFAs 
may have some lytic effect on viruses. Glycosphingolipids have been hypothesized to 
be one of the non-immunoglobulin compounds in human milk that can contribute to the 
protection against pathogens. Preterm infants given an adapted milk formula with gan-
gliosides had fewer E. coli in feces and higher bifido-bacterial count than infants fed 
normal control formula (37). PUFAs such as arachidonic acid (AA) of the omega-6 
(n-6) family and eicosapentaenoic acid (EPA), gamma-linoleic acid (GLA), and docosa-
hexaenoic acid (DHA) of the omega-3 (n-3) family can potently alter the functioning of 
immune cells. In general, diets rich in n-3 PUFA tend to inhibit excessive immune 
responses which are associated with chronic inflammatory diseases such as asthma and 
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rheumatoid arthritis among others, as nicely reviewed by Riediger et al. (38). Whereas 
diets rich in n-6 PUFA tend to promote immune responses, which can lead to 
 inflammation affecting chronic inflammatory diseases. The ratio of n-6 to n-3 PUFA 
may therefore be more important than the absolute amount of each of these classes of 
fatty acids in the diet. The basis for the anti-inflammatory properties of dietary fatty 
acids like EPA and GLA is their ability to replace AA ultimately as substrate for the 
synthesis of eicosanoids.

n-3 fatty acids are required for normal conception, growth, and development of an 
embryo. During the third trimester, approximately 50–60 mg/day of maternal DHA 
stores are transferred to a fetus via the placenta. Fish oil supplementation modulates 
immune function in healthy infants (39). Human milk contains DHA, and several 
organizations recommend supplementing infant formulas with DHA for infants and 
premature infants. DHA is particularly highly concentrated in the brain and retinal 
membranes, especially in photoreceptors, and is therefore assumed to play a critical role 
in both vision and cognitive function. However, several studies show either no improve-
ment or slight improvement in visual acuity of infants receiving DHA supplemented to 
the infant formula compared to controls (40, 41).

Inappropriate immunologic activity, including inflammation, is a characteristic of 
many common human disorders. The oral supplementation of n-3 PUFAs has been 
evaluated in various clinical studies for their immunomodulatory capacity. Despite 
some inconsistencies in literature, it is clear that the addition of n-3 PUFAs like EPA 
and GLA to the diet leads to marked decreases in AA-derived eicosanoids and pro-
inflammatory cytokines. Moreover, oral EPA and GLA have shown to be beneficial in 
patients with chronic inflammatory bowel disease not only in extending episodes of 
relapses but also reduced mucosal inflammation and production of local inflammatory 
mediators. In addition, it has been suggested that n-3 LCPUFA may inhibit atheroscle-
rosis development by blocking the production of cytokines which promote inflamma-
tion. For example, the supplementation of 1.5 g/day AA for 7 weeks increased PGE2 
production by leukocytes. In another study, 18 g/day of fish oil (equivalent to 5 g of n-3 
LCPUFAs) suppressed several indices of non-specific and specific immune responses 
in healthy men. The dietary intake of fish, containing high levels of n-3 LCPUFAs, may 
as well be protective against asthma. It is believed that the production of mediators 
involved in allergic responses is affected by the balance between the two types of PUFA. 
However, evidence from clinical trials with n-3 LCPUFA supplementation is not con-
clusive herein. In conclusion, EPA- and GLA-rich supplements have been used to 
attenuate inflammatory processes in various chronic and autoimmune diseases, for 
example, rheumatoid arthritis (RA), inflammatory bowel disease (IBD), asthma, psoria-
sis, and multiple sclerosis. In each of these situations, the benefits of decreased produc-
tion of PGE2 and proinflammatory cytokines are evident. In addition, EPA and DHA 
give rise to resolvins, which are anti-inflammatory and inflammation resolving. Human 
immune cells are typically rich in AA, but AA, EPA, and DHA contents can be altered 
through the oral administration of EPA and DHA already within few days (42). This 
results in a changed fatty acid composition of the immune cells which also affects 
phagocytosis, T cell signaling, and antigen-presentation capability. The immune cell-
membrane is important in lipid raft structure and function, and membrane trafficking, 
suggesting an important role for fatty acids affecting the immune cell function through 
a variety of complex mechanisms.
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2.9.3  Carbohydrates
Carbohydrates in breast milk mainly function as important nutrients for energy 

 production and consist of lactose, oligosaccharides, and glycoconjugates. Prebiotics are 
nondigestible food ingredients, generally oligosaccharides, that modify intestinal 
microbiota balance by stimulating the growth of beneficial bacteria, such as bifidobac-
teria and lactobacilli (43). A clear bifidogenic effect has been ascribed to the nondigest-
ible oligosaccharides present in human breast milk on the gut microflora, and a positive 
effect on the incidence of infections at short term and possibly also long term. In addi-
tion, however, the direct effects of human oligosaccharides on immune cells cannot be 
excluded. Human milk derived nondigestible sialylated and fucosylated oligosaccha-
rides, may directly inhibit the adhesion of pathogens to the mucosal surfaces (44) and 
protect the infant against, for instance, infectious diarrhea (45). They may as well indi-
rectly produce a protective and immune modulatory result through a prebiotic effect on 
the infant intestinal microflora (46). These responses/mechanisms whereby carbohy-
drates and prebiotics can modulate the immune response were reviewed in depth by Vos 
et al., and are therefore not discussed in detail herein (47).

The complex prebiotic carbohydrate are found only in trace amounts in cow’s milk 
but are a substantial portion of human milk sugars. The addition of carbohydrates as 
prebiotics to infant formula is a subject of increasing investigation, since these oligosac-
charides may create a bifidogenic effect on the flora of the gut, in an attempt to reduce 
the number of latent invasive bacteria. In addition, several studies indicate that a mixture 
of oligosaccharides (fructo-oligosaccharides and galacto-oligosaccharides) was shown 
to reduce the incidence of infections and atopic dermatitis during the first 6 months of 
life (48). This protective effect of oligosaccharide supplementation early in life was still 
present beyond the intervention period up to 2 years of life (49, 50).

These data clearly illustrate the protective and immune modulatory factors in breast 
milk as important to the neonate defense system during the vulnerable period immedi-
ately after birth but as well as for the programming of the immune system for later life.

Impairment in microbiota composition can be addressed by using prebiotics. It is 
indicated in some studies that the oligofructose consumed by toddlers increases fecal 
Bifidobacteria counts and decreases fecal Clostridia counts during consumption. 
Besides the microflora changes, some but limited evidence is available on the immu-
nological effect of given prebiotics in adults (83); few studies are even available in 
adolescents. Other benefits relate to improving bone health, reducing the risk of 
colorectal cancer, boosting immunity, and enhancing satiety and aiding weight man-
agement. In terms of bone health, studies in humans (51, 52) have shown that inulin/
oligofructose supplementation to a diet results in more absorption of calcium, accu-
mulation of bone mineral and improved trabecular network structure. In addition to 
reported immune modulation induced through the ingestion of prebiotics, more 
health benefits are reported through modulation of the gut microbiota via prebiotic 
ingestion which may improve or prevent the disruption of intestinal permeability in 
humans (53, 54).

The glycoconjugates although not that abundantly present in breast milk may be 
essential in inactivation and binding to specific bacterial (V. cholera) and viral ligands 
(rotavirus).
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2.9.4   Bacteria
At the time the fetus leaves the protective germ-free environment, it lacks antigenic 

experience and stable flora on all mucosal sites, including the skin and the gastrointesti-
nal tract. The intestinal microbiota is important in several aspects related to the digestion 
of food and establishment, and the maintenance of gastrointestinal immune defensive 
barrier. A stable microbiota composition will improve the resistance to  colonization by 
pathogens; it controls proliferation and differentiation of epithelial cells. By definition, a 
probiotic is a life microorganism which has a health benefit on the host. Specific strains 
of probiotic bacteria exert different effects on the immune system. Therefore, a generali-
zation of the category would be inaccurate and misleading. The effects of probiotic 
strains on gut health in adults is well established, as well indicated by a meta-analysis in 
The Lancet (55). Feeding with breast milk may add to the development of a healthy 
intestinal microflora. At the age of 1 year, differences still exist in microbiota composi-
tion of formula and breastfed infants (56). The intestinal microbiota composition of 
breastfed infants is less diverse, more bifidogenic than bottle-fed infants. Several compo-
nents of breast milk can contribute to this observation, including the presence of some 
bacteria or bacterial fragments (57) as well as prebiotics like nondigestible oligosaccha-
rides or certain peptides. Positive effects have been described as to the development of 
the gut toward a more bifidogenic environment (58).

One of the most common gastrointestinal complications in premature babies is 
necrotizing entrocolitis. A meta-analysis of different organisms used as probiotics in 
this situation has shown that results are generally positive [Deshpande G, Rao S, Patole S. 
Probiotics for prevention of necrotizing enterocolitis in preterm neonates with very low 
birthweight: a systematic review of randomized controlled trials. Lancet 2007; 
369:1614–20]. Again, caution is needed in that it may not be applicable for all probiotics. 
As the inexperienced newborn is stabilizing its microbiota in conjunction with immune 
responsiveness during the first months of life, a disturbance of this delicate balance may 
involve serious risks; additionally, the effects on immune responsiveness later in life are 
not defined.

The immune-enhancing potential of probiotics has been reported frequently; the 
mechanism by how these effects may be occurring, however, has not been elucidated. 
Recently, some evidence of how probiotics may influence the immune system in 
humans in the short term, that is, directly after intake, has been published by the group 
of Kleerebezem (59). The study identified changes in mucosal gene expression patterns 
and cellular pathways, through the ingestion of life or death bacteria, in healthy adults. 
Although the differences indicated are minimal, the difference between the form of 
which these probiotics are supplemented (i.e., life vs. death) is remarkable, although not 
surprising since the immune system in the gastrointestinal tract is highly trained to 
identify /respond to possible life intruders, and neglect non-harmful agents present in 
our daily diet. Unfortunately, no differences between different probiotic strains have 
been studied yet, and the effect on longer term remains to be elucidated.

The consumption of a combination of probiotics and prebiotics also called synbiotics 
may approach the composition of breast milk even more, and may add individual value 
to the development of improved gut health and immune health (60). One recent study 
reports in elderly at least an additive effect on the use of a probiotic strain in addition 
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to a prebiotic disaccharide, increasing the levels of bifidobacteria and improving 
mucosal functions like bowel movement (61). However, clinical studies are clearly 
required to identify the individual effects of the probiotics, probiotic strains, and prebi-
otics in order to establish the existence of real synbiotic benefits.

2.9.5   Antioxidants
Human milk has tremendously important anti-inflammatory effects, which are in part 

mediated through oxygen radical scavenging. Factors contributing to the antioxidant 
capacity of breast milk are a-tocopherol, b-carotene, ascorbic acid, and l-histidine. 
Vitamins including vitamin A, C, and E have anti-inflammatory effects due to oxygen 
radical scavenging, and may be immunomodulatory. These antioxidants act both at the 
mucosal level and after absorption systemically (a-tocopherol, b-carotene). Glutathione 
peroxidase can decrease inflammation by preventing lipid peroxidation. The effects of 
vitamin E supplementation have been shown to be variable and dependent on several 
confounding factors like the severity of vitamin E deficiency, dosage used, and age 
of individuals and other factors. In the elderly, an enhanced cell-mediated immune 
response and decreased prostaglandin E2 production were seen when they were given 
high concentrations of vitamin E. A mechanistic explanation for the enhanced immune 
function with vitamin E supplementation in the elderly could be besides the prevention 
of oxidative damage in immune cell membranes, the fact that high concentrations of 
prostaglandin E2 may inhibit T cell function and proliferation.

Like vitamin E, vitamin C is an antioxidant and present in several vegetables and 
fruits. A high concentration of Vitamin C is found in immune cells and is used rapidly 
during infection. The mechanisms whereby vitamin C affects the immune system are 
hardly understood. Vitamin C may modulate the functions of phagocytes, production of 
cytokines, proliferation of T lymphocytes, and gene expression of monocyte adhesion 
molecules. Numerous controlled trials in human volunteers have been conducted to 
evaluate the effect of vitamin C on the incidence and severity of common cold. People 
who regularly take high dosages of vitamin C seem to have a slightly shorter duration 
of common colds (about 10%) than those who do not. Although, no effect of vitamin C 
supplementation were seen on the incidence of common colds in the normal population, 
a clear reduction (up to 50%) was seen among people that are regularly stressed by, for 
instance, physical activity (like marathon runners) (62).

Like vitamins C and E, carotenoids (including the precursor of vitamin A, b-caro-
tene) are antioxidants. In contrast to vitamin C and E, Vitamin A is an example of a 
dietary component that enhances the immune system and has become a part of standard 
medical practice. Vitamin A is found to enhance the regeneration of damaged mucosal 
epithelium and improves phagocytic activity of neutrophils and macrophages. In vita-
min A deficiency, the ability of gut immune cells to produce antibodies (IgA and IgG) 
against bacterial toxins is compromised. Supplementation with vitamin A restores this 
defect, and is known to reduce severe illness induced by measles and shorten the dura-
tion of the infection. However, the benefit of vitamin A supplementation seems not to 
be limited to deprived populations, but is rather effective during vitamin A-depriving 
infections like measles. Moreover, carotenoids including b-carotene, which is widely 
distributed in plants, and lycopene, a carotenoid found in tomatoes, are found to be 
beneficial for individuals with a compromised immune system. Epidemiological studies 
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suggest that the risk of respiratory infections is reduced when diets are rich in caroten-
oids. In particular, in the elderly, a recovery of declined NK cell activity to normal levels 
was observed following b-carotene supplementation. In contrast, in healthy adults with 
adequate carotenoid intake and normal immune responses supplementation with caro-
tenoids did not further improve immune responses.

One of the vitamins important for infant’s development, but not supplied in high 
amounts through breast milk, is vitamin D (63). Exclusively breastfed infants are indeed 
at higher risk of vitamin D deficiency than formula-fed infants. Therefore, some guide-
lines subscribe the supplementation of Vitamin D drops containing 200 IU to be given 
to all breastfed infants starting in the first 2 months of life. Vitamin D-deficient or insuf-
ficient neonates are at an increased risk of being affected by hypocalcemia and rickets. 
Serum calcium concentrations and bone metabolism in adults are related to Vitamin D 
levels. Although vitamin D deficiency increases neonatal hypocalcemia risk, it is unclear 
whether vitamin D insufficiency causes hypocalcemia. Increasing evidence from obser-
vational studies in infants at older ages, indicate that vitamin D insufficiency and defi-
ciency might increase the risk of chronic diseases such as type 1 diabetes and multiple 
sclerosis. However, clear randomized trials on this association need to be conducted 
before clinicians can recommend vitamin D supplementation to reduce the incidence of 
type 1 diabetes. In the last decades, observations accumulated that vitamin D deficiency 
leads to more often and more serious respiratory infections than in individuals with 
 sufficient vitamin D plasma levels. It has even been speculated that the increasing 
 incidence of respiratory infections in the winter season could originate from a latent 
vitamin D deficiency, since solar radiation beyond 45° latitude is considerably lower in 
winter than in summer. Specific immune cells, that is, the macrophages, contain enzy-
matic capacity to make biologically active forms of vitamin D in addition to the liver 
and kidney. Interestingly, toll-like receptor stimulation in macrophages enhances the 
 conversion of vitamin D precursor into active vitamin D as well as the expression of the 
vitamin D receptor. Vitamin D in macrophages regulates the production of an endog-
enous antibiotic called cathelicidin and modulates the pattern of cytokine secretion. 
Both cathelicidin and the cytokines enhance the defense against pathogens. Obviously, 
vitamin D is a key link between toll-like receptor activation and antibacterial responses 
in innate immunity.

2.9.6   Nucleotides
Nucleotides, nucleosides, nucleic acids, and related products in human milk are 

important in a number of cellular functions and have been shown to enhance immune 
function in infants. A variety of different roles have been assigned to ingested nucle-
otides, including supporting energy metabolism (ATP), nucleic acid production and 
their messengers (RNA,DNA and cAMP, cGMP, ADP respectively), coenzymes in 
metabolic processes (NAD, CoA), signal transduction molecules (cAMP), and carrier 
molecules in synthetic reactions (UDP, GDP, CMP). Although nucleotides are not 
essential nutrients, they are important in situations of increased demand and metabolic 
activity such as infection, or rapid growth (64). Mean values of the total potentially 
available nucleosides as measured in breast milk in different populations are used to 
guide the addition of nucleotides to infant formula. In some clinical studies, small ben-
efits have been attributed to the addition of nucleotides to infant formulas, including 



38 Land et al.

fewer episodes of diarrhea and higher plasma levels of IgA and IgM. The proposed 
mechanisms of action contributed to nucleotide-induced effects include increased iron 
absorption, increased growth of Bifidobacterium, improved development, and repair of 
the gastrointestinal mucosa, in addition to improved systemic immune responses includ-
ing increased NK cell activity and IL-2 production.

2.10 CONCLUSIONS AND PERSPECTIVES

The list of bioactive factors present in human breast milk is still incomplete as inves-
tigators are continuously identifying new components like cathelicidin antimicrobial 
peptides (65). In addition the specific action and contribution toward the protective and 
immune modulatory capacity of breast milk from the individual components with their 
potential as ingredients supplemented to daily diet is still to be determined. The current 
knowledge of immune modulating components present in breast milk and their immune 
modulating potential including their possible role in immune mediated disease resist-
ance later in life remains an increasingly important subject for research.
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3 Role of Maternal and Infant 
Malnutrition on the Development  
of the Inflammatory Response

Maristella A. Landgraf, Richardt G. Landgraf, 
and Zuleica B. Fortes

Key Points

The thrifty phenotype hypothesis holds that intrauterine malnutrition leads to an •	
adaptive response that alters the fetal metabolic and hormonal milieu designed 
for intrauterine survival. This fetal programming predisposes individuals to several 
diseases in adulthood.
Fetal nutrition is an important key regulator of fetal growth and thus an obvious •	
candidate as a possible programming influence.
Fetal overexposure to maternal glucocorticoids triggers programming events in •	
utero; these effects appear to be relevant to changes in utero because there are strong 
correlations between birth weight, plasma cortisol concentrations, and the development 
of hypertension and type 2 diabetes.
Malnutrition, an important cause of immunosuppression and undernutrition during •	
critical periods of gestation, neonatal maturation, and weaning, can lead to clinically 
significant immune deficiency and infections in children.
Micronutrients have a relationship to antibody formation and the development of the •	
immune system, and micronutrient deficiencies are related to poor growth, impaired 
intellect, and increased mortality, and susceptibility to infection.

Key Words: Programming, thrifty genotype, inflammation, intrauterine malnutrition,  
glucocorticoids, insulin, predictive adaptive response, immune system.
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3.1  PROGRAMMING

3.1.1  The Early Origins of Adult Disease: Programming Hypothesis
The hypothesis that adult diseases are related to fetal origins was originally put 

forward by David Barker and colleagues in Southampton in the United Kingdom. The 
hypothesis stated that environmental factors, particularly nutrition, act in early life to 
program the risks for the early onset of cardiovascular and metabolic disease in adult life 
and premature death (1). However, before Barker, other authors related early life events 
to diseases developed in adult life (2, 3). In 1914, it had been suggested by the chief 
medical officer to the Board of Education in Britain that, “recent progress has shown that 
the health of the adult is dependent upon the health of the child and that the health of the 
child is dependent upon the health of the infant and its mother” (4). Anders Forsdahl 
attempted to explain the association between poverty during adolescence and diseases in 
adult life (5, 6). In Norway in the 1970s, Forsdahl, in an epidemiological study, found a 
significant positive correlation between the county age-adjusted mortality from arterio-
sclerotic heart disease in people aged between 40 and 69 years and county infant mortal-
ity relating to the early years in the same cohorts. He concluded that great poverty in 
childhood and adolescence followed by prosperity was a risk factor for arteriosclerotic 
heart disease (3). In 1986, Barker and Osmond (7) observed that there were different 
rates of mortality from stroke and cardiovascular diseases in geographical regions of 
England and Wales. They noted that the geographical distribution of mortality rates from 
stroke and cardiovascular diseases in 1968–1978 was closely related to neonatal mortality 
in 1921–1925, and they concluded that poor nutrition in early life increased susceptibility 
and was an important determinant of the risk of stroke in their offspring. Barker and col-
leagues presented several studies that detailed the relationship between low birth weight 
and subsequent adult cardiovascular disease. In these studies, it was hypothesized that 
adverse environmental factors in early life cause disruption of normal growth and devel-
opment, leading to an adult phenotype that was more susceptible to cardiovascular 
diseases (8–11). Experimental studies in animals have documented many examples of 
fetal programming (12–14), which increased the credibility of this hypothesis.

Programming, or imprinting, reflects the action of a factor during a sensitive devel-
opmental period or “window” that affects the development and organization of specific 
tissues that are concurrently vulnerable, producing effects that persist throughout life. 
Of course, different cells and tissues are sensitive at different times, so the effects of 
environmental challenges will have distinct effects depending not only on the challenge 
involved, but also upon its timing (15).

This adaptive response includes changes in hemodynamics, metabolism, hormone 
production, and tissue sensitivity and may affect the development of various organs, 
thereby predisposing individuals to cardiovascular, metabolic, and endocrine diseases in 
adult life (11). In industrialized countries, an adverse fetal environment may be caused 
by maternal life style habits, including suboptimal dietary intake, smoking, and alcohol 
consumption (16), but nutrition is a major determinant of body size in utero and later 
life (17). The association between low birth weight and later disease risk should be 
interpreted as reflecting the long-term consequences of fetal adaptive responses. In this 
model, low birth weight itself is not the causal factor per se but merely a marker of fetal 
adaptive responses to suboptimal exposures. These adaptive responses are not necessarily 
evident at birth but may result in diseases in later life (16).
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Poor people in developing countries can be viewed as having been exposed to four 
phases during which nutritional deprivation may have imprinted itself on their meta-
bolic make-up: an evolutionary phase with frequent famines selecting what Neel (18) 
termed a thrifty genotype; an intergenerational phase in which the failure of women to 
grow to their full genetic potential imposes uterine restraint on the developing fetuses; 
a fetal phase; and a postnatal phase. J.V. Neel had proposed that “thrifty” genes were 
selected during evolution at a time when food resources were scarce and that they 
resulted in a “fast insulin trigger” and thus an enhanced capacity to store fat, which 
placed the individual at risk for insulin resistance and type 2 diabetes (18, 19).

An intergenerational phase in which the failure of women to grow to their full genetic 
potential imposes uterine restraint on the developing fetuses, a fetal phase and a post-
natal phase might create what Hales and Barker (20) have termed a “thrifty phenotype.” 
This hypothesis suggested that adult insulin resistance and type 2 diabetes could result 
from the persistence of a fetal glucose-conserving adaptation in response to intrauterine 
hypoglycemia. During periods of maternal undernutrition, the fetus reduces insulin 
secretion and increases peripheral insulin resistance, thus directing more glucose to the 
brain and the heart and less to insulin-dependent tissues, such as skeletal muscle (21, 
22). When nutrient availability is abundant in postnatal life, this pancreatic b-cell defect 
and peripheral insulin resistance could then cause glucose intolerance and eventually 
diabetes. This would explain why it is mainly thin babies who then become overweight 
during childhood who are prone to developing type 2 diabetes later in life (23).

All the adaptations observed in the offspring due to the intrauterine and infancy envi-
ronments are manifestations of the general phenomenon of developmental plasticity. 
Like other living creatures, human beings are “plastic” and able to adapt to their envi-
ronment. The development of the sweat glands provides a simple example of this. All 
humans have similar numbers of sweat glands at birth, but none of them function. In the 
first 3 years after birth, a proportion of the glands became functional, depending on the 
temperature to which the child is exposed. The hotter the conditions, the greater the 
number of sweat glands that are programmed to function. After 3 years, the process is 
complete, and the number of sweat glands is fixed. Thereafter, the child who has expe-
rienced hot conditions will be better equipped to adapt to similar conditions in later life 
because people with more functioning sweat glands cool down faster (24).

This brief description encapsulates the essence of developmental plasticity: a critical 
period when a system is plastic and sensitive to the environment, followed by the loss 
of plasticity and a fixed functional capacity. For most organs and systems, the critical 
period occurs in utero (24). The formal definition of developmental plasticity is the 
ability of a single genotype to produce more than one alternative structural form, physi-
ological state or behavior in response to environmental conditions (25).

3.1.2  The Predictive Adaptive Response
Gluckman and Hanson (26) revised and extended the thrifty phenotype hypothesis. 

They proposed that when there is a change in the intrauterine environment, for example, 
nutrient restriction or high glucocorticoid levels, the fetus will adapt to improve its 
immediate chances of survival. These adaptations are often reversible. However, if the 
environmental changes persist, the fetus is forced to make irreversible adaptations 
that may not be immediately beneficial, but that will manifest themselves later in life. 
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In this way, the fetus is preparing itself for life in an extrauterine environment with, for 
example, low food availability or high levels of stress. Gluckman and Hanson (27) 
coined the term “predictive adaptive response” for this phenomenon. When this 
response is appropriate, the phenotype is normal; however, where mismatch occurs 
between the predicted and actual environment, diseases manifest. There are examples 
of predictive adaptive responses from the animal world. For example, the meadow vole 
pup is born with a thicker coat in the autumn than in the spring. In this case, the dams 
exerted strong control over the development of photosensitive traits in offspring because 
changes in day length, signaled to the pup in utero by maternal melatonin levels, result 
in adaptive changes in coat thickness in anticipation of the extra-uterine environment 
being cold or warm (28).

Unlike previous programming hypotheses, contends that in response to a given in 
utero or early postnatal nutritional plane (either high or low), cellular processes are 
tuned to cope with the predicted environment and that these adaptations are not neces-
sarily advantageous in utero. Thus, it is proposed that disease only manifests when the 
actual adult diet diverges from this plane which the fetus has predicted (29).

Such decreases in structure, and hence the lifelong functional capacity of an organ 
system, may be an inadvertent consequence of a decrease in energy supply across the 
placenta or a selective trade-off to maintain the development of more important tissues, 
such as the brain. At this stage, it is not clear that such responses are either adaptive or 
predictive, although it is clear that they will result in the programming of a reduced 
functional capacity for life (30). So, in this chapter we will use programming as a term 
that allows the inclusion of such developmental deficits and their consequences.

3.1.3  Possible Mechanisms Involved in Developmental Origin Hypothesis
The most widely accepted phenomenon proposed to underlie the developmental ori-

gin hypothesis is that of programming. This is the process whereby a stimulus or insult 
during a sensitive or critical period has irreversible long-term effects on development. 
Well-recognized mechanisms include altered fetal nutrition and increased glucocorti-
coid exposure. However, there may also be genetic and epigenetic links in addition to 
other hormonal factors, such as insulin (22).

3.1.3.1  Fetal Malnutrition

Fetal nutrition is a key regulator of fetal growth and thus an obvious candidate as a 
possible programming influence (31). Studies investigating the historical cohort of the 
Dutch winter famine (32, 33), which was a 5-month period of malnutrition experienced 
by pregnant women during the winter of 1944–1945 in Amsterdam, the Netherlands, 
found that individuals who were exposed to the famine as an embryo or fetus during 
early gestation had an increased prevalence of coronary heart disease, increased body 
mass index, and glucose intolerance due to a deficit in insulin secretion.

Offspring of dams exposed to caloric restriction during pregnancy are generally born 
with low birth weight (34, 35), increased blood pressure (35), and impaired glucose 
tolerance (36). Variations in dietary patterns and micronutrient intake also seem to be 
relevant. Studies showed that low folate acid levels and high homocysteine levels are 
associated with both low birth weight and increased blood pressure in children (37, 38). 
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Folate levels also seem to be associated with endothelial dysfunction in children, which 
is an early risk factor for the development of atherosclerosis in adulthood (39). There 
are many possible mechanisms by which altered fetal nutrition might lead to the 
increased risk of disease in the offspring (40), but it is useful to think of altered fetal 
nutrition as leading, directly or indirectly, to altered growth and maturation of various 
fetal organ systems. Permanent changes in the homeostatic regulation of these systems 
could then lead to an increased risk of subsequent disease, especially when placed under 
increased stress after birth by additional risk factors, such as aging and obesity (22).

3.1.3.2  Glucocorticoids

Fetal overexposure to maternal glucocorticoids in both human and animal models trig-
gers programming events in utero (13) that establish an increase in glucocorticoid action 
throughout life (41). These effects of the glucocorticoids appear to be relevant to changes 
in utero because there are strong correlations between birth weight, plasma cortisol con-
centrations, and the development of hypertension and type 2 diabetes (42). This may 
occur if exogenous synthetic glucocorticoids are administered or if the placental barrier 
that protects the fetus from high levels of maternal glucocorticoids is impaired. In rats, 
the offspring of dams given dexamethasone during pregnancy have reduced birth weight, 
increased blood pressure (43), and glucose intolerance in adulthood (44). Repeated doses 
of betamethasone given to pregnant sheep have similar effects (45).

Fetal glucocorticoid levels are lower than maternal levels, and the fetus is normally 
protected, to some degree, from maternal glucocorticoids by the presence of the barrier 
enzyme 11b-hydroxysteroid dehydrogenase type 2 (11b-HSD-2). However, this enzyme 
is downregulated by maternal undernutrition, thus potentially exposing the fetus to 
increased glucocorticoids (46) and causing retarded growth and programming responses 
that lead to later adult disease. In support of this proposal, deleterious mutations of the 
11b-HSD-2 gene in man are associated with reduced birth weight (47) Fig. 3.1.

Fig. 3.1. Intrauterine programming by maternal malnutrition and its consequences at adult life.
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3.1.3.3  Fetal Insulin Hypothesis

Lower birth weight is associated with an increased risk of adult coronary heart dis-
ease, insulin resistance, type 2 diabetes, and metabolic syndrome (48). Another hypoth-
esis for this situation is that genes that either increase insulin resistance or reduce 
insulin secretion result in both impaired insulin-mediated fetal growth and later coro-
nary heart disease and diabetes (the “fetal insulin hypothesis”) (49). Since insulin is an 
important regulator of fetal growth, affected individuals with impaired insulin secretion 
would have impaired growth before birth and would also go on to have impaired glu-
cose tolerance in adulthood. However, these relatively rare changes seem unlikely to 
explain the very widespread relationship between birth size and later glucose tolerance 
described in many different populations and across the range of normal birth weights 
(22). Currently, there is little direct evidence for this hypothesis, although two studies 
have shown an inverse association between a father’s risk of diabetes and the birth 
weight of his offspring (50, 51). Findings related to paternal diabetes are of particular 
interest because they cannot directly reflect an influence of the intrauterine environ-
ment. Conversely, impaired glucose tolerance in pregnant women is associated with 
greater offspring birth weight, and, as women with impaired glucose tolerance during 
pregnancy are at an increased risk of developing diabetes, the expectation is of a posi-
tive association between offspring birth weight and maternal diabetes risk (22). This 
evidence suggests a link between birth weight and diabetes that is not dependent on the 
intrauterine environment.

3.1.3.4  Genetic and Epigenetic Links

Fetal nutrition exposure may lead to fetal adaptive responses by epigenetic modifica-
tions. Epigenetic refers to covalent modifications of DNA and core histones that regu-
late gene activity without altering the nucleotide sequence of DNA (52). During early 
embryogenesis, DNA undergoes demethylation and remethylation, a process that 
involves “labeling” of some genes as being of maternal or paternal origin, and marks 
these genes for subsequent inactivation. This epigenetic process of imprinting is thought 
to particularly affect many of the genes regulating fetal and placental growth (53). Study 
in sheep showed that lower levels of maternal folate and vitamin B12 supplementation 
are associated with alterations in the methylation status of CpG islands (a short stretch 
of DNA in which the frequency of the CG sequence is higher than in other regions; the 
“p” in CpG island simply indicates that the “C”-cytosine and “G”-guanine are con-
nected by a phosphodiester bond) in the offspring, which leads to widespread epigenetic 
modifications to the genome associated with increased adiposity, insulin resistance, 
altered immune function, and high blood pressure in adult offspring (54). Mice treated 
with an inhibitor of DNA methylation (5-azacytidine) in early postnatal life have altered 
allelic expression of insulin-like growth factor II (IGF-2) (55). More recently, persistent 
impaired methylation of the IGF-2 gene was reported in adults who were exposed to the 
Dutch Famine. These results suggest that epigenetic modifications induced by adverse 
nutritional exposures in the periconceptional period may persist throughout postnatal 
life and could affect the development of risk factors for cardiovascular disease and type 
2 diabetes. This is because IGF-2 has a role in pancreatic b-cell development, and the 
altered expression of this gene could affect insulin secretion (56). Thus, changes in the 
intrauterine environment may ultimately lead to altered gene expression via alterations 
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in DNA methylation and other epigenetic mechanisms, resulting in increased susceptibility 
to chronic disease in adulthood (52).

3.1.3.5  Early Post Natal Malnutrition

The early postnatal period is also a period of physiological plasticity, although the tim-
ing of this “window of opportunity” may differ depending on the outcome of interest and 
may be species- and gender-specific (57). The composition of milk understandably has a 
major impact on the developing neonate. As would be expected, the maternal diet is a 
primary determinant of milk composition. Feeding dams a “cafeteria diet” that is com-
posed of highly palatable junk foods increases the long-chain and decreases the medium-
chain fatty acid content of their milk. Intake of such a diet has an additive effect to the 
presence of maternal obesity in lowering the protein content and raising the long-chain 
fatty acid content of the milk (58). Feeding dams a high-fat diet also accelerates the onset 
of independent feeding in neonates by 1–2 days (59) in association with increased weight 
gain (60) and the development of hypertension and abnormal glucose homeostasis as 
adults (61). Rats exposed to a high-fat diet in utero and during the suckling period are 
somewhat protected from developing endothelial dysfunction if they are maintained on 
the same high-fat diet throughout life (62). We conclude that manipulations of the early 
postnatal environment can have profound effects on the development of offspring. The 
mechanisms underlying these effects are currently unknown. Changes in the composition 
and amount of maternal milk may be among the most important of these, although 
maternal-pup behavioral interactions are also likely to affect the outcome (63).

3.1.3.6  Intergenerational Effects

It is now becoming clear that adverse events during pregnancy can affect not only the 
offspring of that pregnancy, but also the next generation (22). Feeding rats a protein-
deficient diet over 12 generations resulted in progressively greater fetal growth retarda-
tions over the subsequent generations. When the rats were refed with a normal diet, it 
then took three generations to normalize their growth and development (64). A similar 
effect was seen during the Dutch hunger winter of 1944–1945, a 5-month period of 
severe famine at the end of the Second World War. Women who were severely under-
nourished during the first trimester of pregnancy gave birth to babies who were, on 
average, of normal birth weight; however, those babies themselves then went on to give 
birth to smaller babies in the next generation (65). In the rat where the F1 generation is 
exposed in utero to a low-protein diet, the F2 generation demonstrates insulin resist-
ance, especially if the F1 generation was fed a high-fat diet (66). There are several pos-
sible mechanisms for these intergenerational effects. First, growth-retarded fetuses have 
smaller uteri as adults, constraining the growth of their fetuses further (67). Second, any 
epigenetic changes to the genome may be passed on to the second generation (68).

3.2  IMMUNE SYSTEM AND NUTRITIONAL DEFICIENCY

It has long been accepted that immunity depends to some extent on nutrition. In fact, 
nutritional deficiency is commonly associated with an impaired immune response (69). 
Primary malnutrition caused by an inadequate supply of either macronutrients or selected 
micronutrients can lead to clinically significant immune deficiency and infections in 
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children. An inadequate dietary intake leads to weight loss, lowered immunity, mucosal 
damage, invasion by pathogens, and impaired growth and development in children (70).

The immune system protects the host against pathogenic organisms, and highly com-
plex pathways of recognition, response, elimination, and memory have evolved in order 
to fulfill this role. A breakdown in these pathways or their inefficient operation can lead 
to increased susceptibility to, and increased morbidity and mortality as a result of, infec-
tious disease (71).

The immune system consists of organs and several cell types that recognize foreign 
antigens. The primary immunological organs consist of the bone marrow and the thymus, 
and the secondary organs include the spleen, mesenteric lymph nodes and Payer’s patches. 
The immune cells can be grouped into two categories: lymphocytes and phagocytes. The 
latter group includes monocytes, macrophages, and neutrophils (72). In an immune 
response, the antigen is processed and presented to lymphocytes; lymphocytes not only 
need to recognize the antigen with their receptor, but also need to engage a costimulation 
molecule. This is followed by the activation of signaling molecules, which leads to the 
engagement of nuclear factor-kB, gene activation, and mRNA transcription, followed by 
the synthesis and secretion of various cytokines. The secreted cytokines bind their appro-
priate receptors, leading to the clinical manifestations of various diseases (73).

Various alterations, such as impaired immune responses, particularly cell-mediated 
immunity, phagocyte function, cytokine production, the complement system, secretory 
antibody responses and antibody affinity can occur in nutritional deficiency (74–76).

Severe protein malnutrition in newborns and small children causes atrophy of the thy-
mus with reduced cell numbers and subsequently ill-developed peripheral lymphoid 
organs, i.e. the lymph nodes and spleen. This phenomenon is largely, but not exclusively, 
due to changes in the lymphoid compartment. In fact, thymocyte depletion appears as an 
outcome of both acute and chronic experimental protein malnutrition. The overall malnu-
trition-related thymocyte depletion seems to result from enhanced thymocyte death plus 
decreased thymocyte proliferation (77). This causal chain leads to long-lasting immune 
defects characterized by leucopenia, a decreased CD4 to CD8 ratio, and increased num-
bers of CD4/CD8 double-negative T cells and, therefore, the appearance of immature T 
cells in the periphery (78). However, previous reports have indicated that the impaired 
immune response observed in severely malnourished and infected children is mainly 
related to altered lymphocyte function rather than decreased numbers of T cell subsets 
(79, 80). It has also been suggested that T lymphocytes are unable to secrete normal quan-
tities of cytokines that mediate and regulate the activation, differentiation, and prolifera-
tion of lymphocytes required to achieve an adequate immunological response (81).

Although T and B lymphocytes represent effector cells of the immune system, the func-
tional capacities of lymphocytes, especially the induction and function of antigen-specific 
lymphocytes, are regulated by antigen-presenting dendritic cells (82). Niiya et al. (83) 
demonstrated that in protein calorie malnourished mice, the number of spleen dendritic 
cells, the T lymphocyte-stimulatory capacities of dendritic cells, and their production of 
IL-12p70 and IFN-g were reduced. The authors suggested that chronic undernutrition dis-
rupts antigen-specific immune responses and that this disruption can be attributed, at least 
in part, to reduced frequencies and impaired functions of dendritic cells.

Macrophages, cells that occupy a vital role in regulating both the innate and adaptive 
immune systems, are dysfunctional under conditions of protein calorie malnutrition. 
This dysfunction includes significantly diminished proinflammatory cytokine production, 
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decreases in respiratory burst activity, impaired phagocyte activity, and significant 
decreases in the cell yield of peritoneal macrophages (84, 85). Anstead et al. (86) dem-
onstrated that macrophages from a murine model of multinutrient undernutrition that 
were stimulated with IFN-g/LPS showed increased IL-6 production (a potentially 
immunosuppressive mediator) and decreased IL-10 and TNF-a production. Neutralization 
of TNF-a in macrophage cultures from the control mice mimicked the effect of malnu-
trition on NO and IL-10 production (where these productions are reduced), whereas 
supplemental TNF-a added to cultures of macrophages from malnourished mice 
increased NO secretion. Redmond et al. (85) also demonstrated that superoxide anion 
production in resident and activated (LPS, IFN-g and bacille Calmette-Guérin infection) 
peritoneal macrophages were significantly reduced in malnourished mice. Candida 
phagocytosis and killing were also both depressed.

Complement is part of the innate immune system and underlies one of the main 
effector mechanisms of antibody-mediated immunity. It has three overarching physio-
logic activities: defending against pyogenic bacterial infection, bridging innate and 
adaptive immunity, and disposing of immune complexes and the products of inflamma-
tory injury (87). In protein malnutrition, the concentrations and activity of most comple-
ment components are decreased. The best documented of these is a reduction in C3, C5, 
factor B and total hemolytic activity. There was a slight reduction in the opsonin activity 
of plasma. Furthermore, metabolic activation and intracellular destruction of bacteria 
were also reduced (88).

IgG from the mother acquired through placental transfer is the principal immu-
noglobulin in cord blood. All four subclasses of IgG are detected in fetal sera as early 
as 16 weeks of gestation, the bulk consisting of IgG1. In small for gestation infants, the 
cord blood levels of IgG1 are reduced much more than in those of the other subclasses; 
the number of immunoglobulin-producing cells and the amount of immunoglobulin 
secreted is decreased in small for gestation infants who are symptomatic, that is, those 
who have recurrent infections (89).

3.2.1  Micronutrients and Immunity
Worldwide, almost two billion people are affected by micronutrient deficiencies, 

including vitamins A, C, and E and the minerals zinc, iron, and iodine. The effects are 
poor growth, impaired intellect, increased mortality, and susceptibility to infection. 
Micronutrients have a relationship to antibody formation and the development of the 
immune system (90).

Vitamin A deficiency impairs innate immunity by impeding normal regeneration of 
the mucosal barriers damaged by infection and by diminishing the function of neu-
trophils, macrophages, and natural killer cells. Vitamin A is also required for adaptive 
immunity and plays a role in the development of both helper T (Th) cells and B cells. 
In particular, vitamin A deficiency diminishes antibody-mediated responses directed by 
Th2 cells, although some aspects of Th1-mediated immunity are also diminished (91).

Vitamin E is a strong antioxidant that can support monocyte/macrophage-mediated 
response, and this deficiency causes increases in the susceptibility of animals to infec-
tious pathogens due to decreases in spleen lymphocyte proliferation, natural killer cell 
activity, specific antibody production following vaccination, and phagocytosis by 
neutrophils (92).
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Vitamin C can affect phagocyte function, T cell proliferation, and the production of 
inflammatory cytokines. Li et al. (93) demonstrated that vitamin C-deficient mice had 
greater lung pathology late after infection. This could be due to reduced immune 
responses: vitamin C-deficient male mice had less RANTES and MCP-1 mRNA produc-
tion in the lungs and decreased immune cell infiltration. Less production of chemokines 
and cytokines at an early stage of the infection and changes in the migration ability of 
inflammatory cells caused by vitamin C-deficiency might be involved.

Low serum vitamin D concentrations have also been associated with complications, 
such as tuberculosis, cancer (prostate, breast, and colon), multiple sclerosis, and dia-
betes, indicating that vitamin D possesses important pleiotropic actions besides cal-
cium homeostasis and bone metabolism. A recent epidemiological study clearly 
demonstrates the link between vitamin D deficiency and the increased incidence of 
respiratory infections (94). Besides, vitamin D deficiency has been linked to several 
different diseases, including the immune system-mediated diseases ulcerative colitis 
and Crohn’s disease (95).

Zinc is crucial for the normal development and function of cells mediating the innate 
immunity, including neutrophils and NK cells. Macrophages, phagocytosis, and intrac-
ellular killing are affected by zinc deficiency. Additionally, Th1 cytokines and thymic 
hormone activity are reduced. Zinc deficiency adversely affects the bone marrow envi-
ronment, reducing the number of nucleated cells and the number of and proportion of 
cells which are lymphoid precursors (96). Low plasma zinc levels predicted the subse-
quent development of lower respiratory tract infections and diarrhea among Indian 
infants (97). Zinc administration to preterm low-birth-weight infants increased the 
number of circulating T lymphocytes and lymphocyte proliferation. However, excessive 
zinc intake causes copper depletion and impairs the immune response, decreasing lym-
phocytes and phagocyte function (98).

Copper has an important role in immune system function, and copper deficiency 
causes reduced T cell proliferation and neutropenia and decreases the ability of neu-
trophils to generate superoxide anion and kill ingested microorganisms (99). Both cop-
per deficiency and a high intake over longer periods can modulate several aspects of the 
immune response (100).

It is well established that iron is essential to several immune system functions, and a 
deficiency results in impaired cell-mediated immunity. NK activity and neutrophil func-
tions, such as myeloperoxidase activity, which is involved in the killing process of bac-
teria, are impaired in iron deficiency, along with the reduced T-cell response and IL-2 
production. On the other hand, pathogens such as infectious microorganisms and viruses 
require iron and other micronutrients for replication and survival, and in vitro studies 
have shown that the provision of iron to rodents increases the pathogenicity of a number 
of bacteria (101–103). Whereas, it seems essential to restrict the access of the infecting 
microorganism to iron, it is important to maintain a suitable concentration of iron that 
allows the host to mount an optimum immune response. Avoiding excess amounts of iron 
is also important since it may induce free radical-mediated damage (102).

Selenium is essential for optimum immune responses and influences the innate and 
acquired immune systems. In both animal and human studies, selenium supplementa-
tion has been shown to increase T-cell proliferation and natural killer cell cytotoxicity 
(103, 104). On the other hand, selenium deficiency has been demonstrated to result in 
more severe viral infections, including HIV (105, 106).
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3.3  DEVELOPMENT OF THE INFLAMMATORY RESPONSE  
AND LUNG ALLERGIC INFLAMMATION IN INTRAUTERINE 
MALNUTRITION

The activation and migration of leukocytes is an essential step in the inflammatory 
response, and polymorphonuclear neutrophils represent the first-line in host defense, 
acting to eliminate invading bacteria at the site of infections (107, 108). Leukocyte 
extravasation is orchestrated by the combined action of cellular adhesion receptors and 
chemotactic factors and involves radical morphological changes in both leukocytes and 
endothelial cells. Selectins, integrins, and the immunoglobulin gene superfamily of 
adhesion receptors mediate different steps of leukocyte migration from the bloodstream 
toward the inflammatory foci (109) Fig. 3.2.

A reduction in the inflammatory response has been observed in children with nutri-
tional deficiencies and, in particular, malnutrition. Studies have shown that nutritional 
deficiencies and other influences that reduce growth during critical periods of life can 
permanently affect the structure and physiology of a variety of organs and tissues.

Several infectious diseases are more severe in nutritionally deprived children. 
Children with kwashiorkor 1 presented with defective leukocyte mobilization, manifest 
as an early delayed macrophage migration into dermal abrasions, in addition to severe 
changes in liver metabolism, a reduction of fractions of the complement system, reduced 
phagocytic activity, and a reduction of circulating T3 and T4 hormones (110, 111). In 
fact, most children with severe protein-energy malnutrition have asymptomatic infec-
tions because their immune system fails to respond with chemotaxis, opsonization, and 
phagocytosis of bacteria, viruses, or fungi (112). Protein calorie malnutrition contrib-
utes to increased morbidity and mortality through the impairment of host defense 
mechanisms and reduced macrophage function. Peritoneal macrophages from mice 
with protein calorie malnutrition produced significantly less TNF-alpha and IL-6 and 
had significantly less cell-associated IL-6 when compared to macrophages from control 
mice (113). In laboratory animals subjected to protein deficiency, protozoan and 
helminth infections are typically facilitated (114).

Malnourished people, small for gestational age neonates, and low birth weight babies 
often have higher rates of infection by enteropathogens, such as Shigella spp. The inci-
dence and severity of pneumonia and diarrhea are higher with high mortality rates 
(115). Most of the data suggests increased susceptibility to infectious diseases in indi-
viduals with protein energy malnutrition, increases that may be related to the reduction 
of activation and leukocyte migration (116).

In experimental studies of mice and guinea pigs, it was demonstrated that protein 
energy malnutrition reduced the granuloma formation and macrophage activation 
induced by the administration of bacillus Calmette-Guerin vaccine and impaired effec-
tor mechanisms, including intracellular pathogen rejection (117, 118). In rats, such 
malnutrition was found to decrease monocyte migration and to limit the inflammatory 
response induced by chemical irritants (119, 120).

1Kwashiorkor is a type of severe malnutrition that usually manifests with edema, changes to 
hair and skin color, anemia, hepatomegaly, lethargy, severe immune deficiency, and early 
death (136).
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Malnutrition, an important cause of immunosuppression (121) and undernutrition in 
critical periods of gestation and neonatal maturation and weaning, impairs the develop-
ment and differentiation of a normal immune system. Intrauterine and early postnatal 
environments have long-term consequences for the risk of infectious diseases and other 
diseases with an immunologic component, particularly in developing countries (122).

Postnatal malnutrition in rats can reduce macrophage spreading and phagocytosis of 
opsonized yeast (123) as well as impairing the inflammatory response (124).

Recently, interest in prenatal conditions, and the effect they may have on health status 
in later life, has increased. Failure of the materno-placental supply line to satisfy fetal 
nutrient requirements results in a range of fetal adaptations and developmental changes 
and may lead to permanent alterations in the body’s structure and metabolism (125). 
Although these adaptations may be beneficial for short-term survival, they can lead to 
permanent alterations in body structure and metabolism, and thereby to cardiovascular 
and metabolic disease in adult life (126).

Intrauterine undernourished rats have hypocellularity in the bone marrow and periph-
eral blood. This factor, associated with the downregulated expression of adhesion mol-
ecules, such as L-selectin, P-selectin, and intercellular adhesion molecule-1 (ICAM-1), 
alters the composition of the basal membrane with a decreased type IV collagen con-
centration and a reduction of leukotriene B4 (LTB4) release in response to inflamma-
tory stimulus and caused reduced leukocyte migration in these animals. This altered 
inflammatory response may be involved in the increased predisposition to infections in 
undernourished subjects (127, 128).

Epidemiological studies have indicated that in humans the incidence of alterations in 
lung functions can be associated with birth weight and specifically with maternal mal-
nutrition (129, 130). However, with respect to lung allergic inflammation, the data are 
controversial.

Villamor et al. (131) examined the association between birth weight and asthma dur-
ing childhood and adult life in Swedish twins and concluded that there is a negative 
association between birth weight and asthma. Hagstrom et al. (132) analyzed character-
istics, such as birth weight, birth height, head circumference, placental weight, and 
gestational age and concluded that they were not associated with a “programming” fac-
tor for asthma. In contrast, other environmental factors in childhood seemed more 
important than fetal malnutrition for the development of asthma in adult life.

On the other hand, some authors have demonstrated that asthma symptoms are inversely 
associated with birth weight. Svanes et al. (133) observed that asthma symptoms in a 
random sample of young Norwegian adults were strongly and inversely associated with 
birth weight. This was consistent when adjusting for gestational age, other birth charac-
teristics, and adult factors, and the association was similar in smokers and nonsmokers as 
well as in people with and without hay fever. The association between birth weight and 
asthma symptoms remained when births complicated by prematurity, low birth weight, or 
asphyxia were excluded; the association was driven by the full-term births within the 
normal birth weight range. Kitchen et al. (134) concluded that increased bronchial respon-
siveness is common in school children who were born substantially preterm.

In a study that investigated the development of asthma in intrauterine undernourished 
rats, Landgraf et al. (135) observed that rats challenged with ovalbumin at 9 weeks of 
age had significant decreases in the allergic inflammatory response compared with rats 
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challenged with ovalbumin at 5 weeks of age. These data indicate that in intrauterine 
undernourishment models the intensity of the allergic inflammatory response depended 
on the age at which the organism was challenged.

3.4  CONCLUSIONS AND PERSPECTIVES

Programming is the process whereby a stimulus or insult that occurs during a sensi-
tive or critical period has irreversible long-term effects on development. Well-recognized 
mechanisms include fetal nutrition and increased corticosteroid exposure. However, 
there may also be genetic and epigenetic links in addition to other hormonal factors, 
such as insulin.

Immunity depends to some extent on nutrition. Nutritional deficiency is commonly 
associated with depression of immune responses in relation to cell-mediated immunity, 
phagocyte function, cytokine production, the complement system, the secretory antibody 
response, and antibody affinity. In humans, the incidence of alterations in lung functions 
can be associated with birth weight and specifically with maternal malnutrition. 
Intrauterine nutrition is fundamental for the development and functioning of organs and 
tissues, and intrauterine undernourishment reduced allergic lung inflammation in the 
offspring. In an intrauterine undernourishment model, the intensity of the allergic inflam-
matory response depends on the age at which the organism was challenged. It is likely 
that leptin affects the immune system (i.e. the decrease in allergic inflammatory 
responses) both via a direct effect and via interference with glucocorticoid levels.
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4 Nutrition and Immunity in Animal 
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Gastroenteritis
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Key Points

Macro- and micro-nutrients, such as dietary protein and zinc, and plant secondary •	
compounds, such as condensed tannins, can affect the manifestations of immunity 
to parasites; the relationship between nutrition and immunity to parasites may be 
quantitative and/or qualitative.
The former is often demonstrated under nutrient scarcity, where immunity may be •	
penalized and the penalties in immune response can be rectified through nutritional 
supplementation.
The latter is frequently related to specific nutrients and/or food compounds acting •	
as triggers for gene expression responsible for immunity to nematodes, even under 
conditions of nutrient adequacy.
Implementation of novel methodologies in the investigation of nutrition and immu-•	
nity to parasites can help towards exploiting nutrition alone, or in combination with 
other treatments to improve protection towards parasitism, in animals and man.

Key Words: Bioactive forages, dietary protein, gastrointestinal parasites, immunity, 
immunomodulation, macro-nutrients, micro-nutrients, nematodes, nutrition, plant 
metabolites, condensed tannins.

4.1  INTRODUCTION

As well as offering micro- and macro-nutrients for maintenance, growth and 
 reproduction, diet can also influence health of all living organisms. Intake of dietary 
components can contribute to regulating host micro- and macro-parasite populations in 
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a variety of ways. Firstly, nutrition may directly affect the pathogen fitness, through the 
ingestion of compounds that are toxic for the pathogen. Secondly, the consumption of 
certain nutrients, or their lack from host’s diet, may alter the conditions in the micro-
environment from beneficial to detrimental and even toxic for the survival of the patho-
gen. Finally, dietary nutrients can affect host resistance, i.e. the ability of the host to 
regulate establishment, development, reproduction and survival of the pathogen. Host 
resistance is regulated and mediated through immunity and the consequences of nutri-
tion on immunity to pathogens are the subject of this paper. While host nutrition can 
also ameliorate the detrimental effects of infection on host productivity, by improving 
its resilience to infection, this may not necessarily have any direct consequences on host 
health, and will not be further considered in this chapter.

The immunomodulatory effects of nutrition, i.e. effects of dietary components on the 
immune responses to pathogens, are not yet fully understood. A variety of approaches 
have been used to investigate them. In medical research, for example, most of the evidence 
is derived from studies on innate immune responses, often in the absence of specific 
pathogens or from in vitro studies. In animal science, many examples arise from studies 
where hosts have been infected with specific pathogens, and the relevant responses are 
investigated. The dietary components that have been shown to affect immunity to patho-
gens include vitamins and minerals, fatty acids, protein and individual amino acids, and 
they may be effective in a variety of ways. For example, recent studies have suggested a 
potential role for dietary amino acids by regulating lymphocyte and macrophage activa-
tion, lymphocyte proliferation, antibody production, and also hormone excretion (1). 
Other studies have monitored the consequences of nutrient  supplementation on antibody 
titres and cytokine profiles. For example, dietary supplementation with branched chain 
amino acids, such as leucine and valine, have resulted in changes on the blood cytokine 
profile in healthy subjects, such as an increase in Interferon-g production and a decrease 
in interleukin-4 release (2), leading towards an improved Th1 immune response.

One of the areas that has received a lot of attention over the last 20 years in veterinary 
research is the consequences of nutrition towards gastrointestinal nematodes. 
Gastrointestinal parasitism has been classified as a major health and welfare problem 
for grazing herbivores; nematodiasis in particular, impairs health by causing inappe-
tence, diarrhea, poor growth, anemia and in severe cases even death (3). In the current 
review, we draw our examples from interactions between nutrition and immunity to 
gastrointestinal parasitism, but the same principals may be relevant for bacterial and 
viral pathogens. Examples of nutrients that regulate immunity to bacterial and viral 
disease have also been reported, such as the consequences of vitamin D (4) and non-
digestible carbohydrates on bacterial infection (5) and other nutrients in smaller extend 
(for additional reviews see 6, 7). Often in parasitological papers, immunogenic conse-
quences of nutrition are indirectly demonstrated through reduction in parasite establish-
ment, fecundity and survival. However, the lack of direct measurements of immune 
responses makes difficult the interpretation of the results. It is then unclear whether, for 
example, observed effects are attributed to immunogenic effects of nutrition or to other 
type of effects (8, 9). Thus, in the present review, we present examples of studies where 
direct measurements on immune responses (i.e. effector molecules, involving cells or 
immunoregulating compounds) have been performed. It is noted that these are, almost 
by definition, correlated responses and thus they may not necessarily be protective 
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against the specific pathogen, or they may be partially protective (10). We consider a 
variety of nutritional compounds, macro- and micro-nutrients and secondary plant 
metabolites. In the first part of our paper, we concentrate on the effects of macro-nutri-
ents, and in particular protein, and micro-nutrients, such as zinc and molybdenum on 
immune responses to gastrointestinal nematodes. In the second part, we examine the 
available evidence on the effects of plant secondary metabolites (PSM) and in particular 
condensed tannins on immunoregulation and discuss the implications of these interac-
tions. In the final part, we look into possible mechanisms of action of nutrients on 
immune functions and propose directions on how we can further advance our knowl-
edge on the interactions between nutrition and immunity.

4.2  EFFECTS OF MACRO- AND MICRO-NUTRIENTS  
ON IMMUNITY TO PARASITES

A considerable amount of research on effects of host nutrition on immunity to patho-
gens has focused on the relationship between host protein nutrition and gastrointestinal 
nematode parasitism. Such a focus may arise from the long standing knowledge that 
nutrition and gastrointestinal parasitism are intimately linked through, on the one hand 
parasites affecting hosts via affecting feed intake, while on the other hand, host diet 
affecting parasites through direct or indirect antiparasitic action (11). In particular, a 
focus on protein nutrition seems sensible, as the immune system can be expected to draw 
heavily on protein resources due to the highly proteinaceous nature of its effector mol-
ecules (12–14), which would support the view that protein supply can be limiting for 
immune functions. However, like any bodily function, the immune system would also 
have requirements for energy and micro-nutrients. In theory, an increased availability of 
each of these resources can be expected to increase immune responses to gastrointestinal 
nematodes provided that they were scarce in the absence of supplementation. For exam-
ple, improved immune responses, including circulating and intestinal antibodies, circu-
lating eosinophils, intestinal granulocyte numbers, in vitro proliferation of lymphocytes, 
cytokine levels and neutrophil and lymphocyte functions, have been observed for an 
increased intake of energy, zinc, iron, selenium, vitamin E, vitamin A and molybdenum 
(e.g. 15–20).

A large body of evidence shows that protein supplementation reduces gastrointestinal 
parasitism in growing hosts, especially during later stages of infection, as well as in 
periparturient hosts, as was speculated through a nutrient partitioning framework (21). 
This evidence has recently been extensively reviewed (11, 22). While such reductions 
in parasitism indirectly suggest that an increased protein supply improved expression of 
immunity to parasites, a range of studies that directly assessed immune effector 
responses are in support of this view (Table 4.1). In general, protein supplementation to 
growing hosts results in an increased concentration of circulating and local inflamma-
tory cells, mast cell proteases and circulating antibodies. Apparent inconsistencies may 
be related to the timing of sampling in relation to the development of the infection and 
the type of immune response assessed. For example, effects of protein nutrition on 
immune responses are often more pronounced during the phase of expression of immunity 
(e.g. 23). This would be related to the fact that immune responses will differ in relation 
to the development of the infection as e.g. eosinophilia occurs at later stages in the 
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infection. Protein supplementation also affects different types of effector arms differ-
ently. Detailed studies in mice, infected with Heligmosomoides bakeri are showing that 
protein supplementation reduces worm survival by increasing gut-associated Th2 
responses, while reducing Th1 responses (24).

In addition to the growing animals, there is an increasing body of evidence in support 
of the view that protein supplementation affects effector responses in periparturient 
hosts (Table 4.2). Reproducing animals are crucial for the epidemiology of the parasitic 
infection; they experience a breakdown in their immunity to parasite around parturition 

Table 4.1 
Effects of protein supplementation on immune responses in parasitised growing hosts

Response Effect a References

Sheep
Oesophagostomum  

columbianum
Goblet cells ↑ (65)
Mast cells ↑
Eosinophils ↑
Globule leukocytes ↑

Trichostrongylus  
colubriformis

Circulating eosinophils ↑, = (23, 66)
Plasma antibodies = (67)
Lymphocyte stimulation ↑
Circulating T cells ↑
Sheep mast cell proteases ↑

Nematodirus battus Mucosal mast cells = (68)
Sheep mast cell proteases =
Globule leukocytes ↑
Mucosal eosinophils ↑
Circulating eosinophils =
Plasma antibodies ↑

Teladorsagia circumcincta Mucosal mast cells ↑ (14, 69)
Globule leukocytes ↑
Sheep mast cell proteases ↑

Haemonchus contortus Plasma antibodies ↑ (31)

Mice
Heligmosomoides bakeri Cytokines ↑, =, ↓ (17, 58, 70, 71)

Circulating antibodies ↑, =, ↓ (24, 71)
Serum mast cell proteases ↑
Pro-inflammatory cytokines ↓
Intestinal mast cells ↑
Circulating eosinophils ↑
Intestinal eosinophils ↑

Trichuris muris Circulating antibodies ↓ (72, 73)

Pigs
Trichuris suis + Ascaris sum Circulating eosinophils ↑ (74)

aRelative to the unsupplemented group, ↓: decrease, ↑: increase, =: no change
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and are the main source of infection for the young animals. Although, to date, such 
responses have been rather variable for some effector responses, e.g. circulating anti-
bodies, the presence of an effect of protein supplementation on globule leukocytes 
appears consistent. The latter may reflect the long known importance of this type of 
inflammatory cell in expression of immunity to gastrointestinal nematodes (25). Effects 
of protein nutrition on plasma antibodies may be more variable, since plasma antibody 
concentration depends on the balance between antibody production, utilization and 
excretion in milk. However, as milk volume is also sensitive to protein supply, the out-
come of effects of protein nutrition on circulating antibodies may not always follow an 
expected dose-response relationship (26).

The sensitivity of immunity to parasites to host protein nutrition has been demon-
strated through the use of a wide range of protein sources, including soybean meal (e.g. 
26), fish meal (e.g. 27), cottonseed meal (e.g. 28), casein (e.g. 29), ovalbumin (e.g. 17), 
sunflower meal (e.g. 30) and urea (31). This would suggest that immune responses may 
not necessarily be sensitive to variation in the quality of the supplemented protein (i.e. 
amino acid composition). However, in order to demonstrate an effect on immune 
responses, the level of protein supplementation used in most studies above was consid-
erably higher than expected host protein requirement. Therefore, we argue that if levels 
of protein supplementation are reduced, then impact of protein quality becomes more 
important. This hypothesis still needs to be tested, but it is supported with an increasing 
body of evidence on immunomodulating effects of specific amino acids (32), and would 
suggest that protein nutrition could potentially be tailored to elicit specific immune 
responses in parasitised hosts.

Table 4.2 
Effects of protein supplementation on immune responses in parasitised periparturient hosts

Response Effect a References

Ewes
Teladorsagia circumcincta Mucosal mast cells = (26, 55, 75–77)

Globule leukocytes ↑ (78)
Circulating eosinophils =
Mucosal eosinophils =
Plasma antibodies ↑, =, ↓

Trichostrongylus  
colubriformis

Mucosal mast cells = (57)
Globule leukocytes ↑

T. circumcincta  +   
T. colubriformis

Mucosal mast cells ↑ (79)
Mucosal eosinophils =
Globule leukocytes ↑, =
Serum interleukin-5 ↓
Plasma antibodies =, ↓

Rats
Nippostrongylus brasiliensis Mucosal mast cells ↑ (29)

Goblet cells ↑
Eosinophils =
Mucosal antibodies ↑

aRelative to the unsupplemented group, ↓: decrease, ↑: increase, =: no change
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4.3  CONSEQUENCES OF PLANT SECONDARY COMPOUNDS  
ON IMMUNE REGULATION

Plant secondary metabolites are organic compounds that do not appear to have a 
function in the primary plant metabolism, i.e. in growth, reproduction or development. 
More than 80,000 different PSM compounds have been described, whereas more than 
100,000 compounds are believed to exist in plants resulting in a great compound diver-
sity (33). Although PSM are present in all plants in small and moderate amounts, only 
a small proportion of plant species contain PSM in high amounts and those are referred 
to as PSM-rich plants (34). Saponins, alkaloids, lactones, glycosides and polyphenols 
are all PSM and some immunomodulatory effects have been reported, although not 
always in the presence of a pathogen. For example, caffeine is a well-known alkaloid, 
with reported negative immunomodulatory effects, such as suppression of neutrophil 
and monocyte chemotaxis and suppressed the production of pro-inflamatory cytokine 
TNF-a factor (35). Similarly digoxin, which is a cardiac glycoside, also suppresses the 
production of TNF-a, and plays a role in regulating the NF-kb pathway, which is a 
central regulator of inflammation (36). Saponins, on the other hand, are known for their 
immunogenic abilities, such as Quil A, which has been used as adjuvant for a variety of 
veterinary vaccines for a number of years (37).

Although many PSMs are known for their activity against a variety of micro- and 
macro-organisms, for the majority of them it is still not known whether such effects are 
mediated through immunity or through direct toxic effects on the pathogen or its envi-
ronment. For example, a particular class of PSM are the polyphenols, which are the 
most abundant antioxidants in human diets and have long been known for their immu-
nomodulatory activity (38). As immune cells are particularly susceptible to oxidative 
stress, it is believed that these effects may be exerted, at least partly, through the anti-
oxidant activity (39). A specific class of polyphenols are the condensed tannins (CT), 
which are polymers of flavonoid units with reported antimicrobial and antiparasitic 
activity. The consumption of CT has resulted in a reduction of the level of gastrointes-
tinal nematode parasitism in sheep and goats (40–45). The antiparasitic activity of CT 
is attributed, at least partly, to direct toxicity against various stages of nematodes, which 
has been confirmed with a number of in vitro and in vivo studies (for reviews see 46, 
47). In addition, CTs appear to exert immunomodulatory effects and enhance an effec-
tive immune response against parasites. Although the immunomodulatory effects of CT 
have not (yet) been investigated in a systematic way, a limited number of studies have 
looked at the effects of CT on effector molecules that have been associated with immu-
nity to parasites. For example, the administration of a CT extract, Quebracho extract, in 
goats parasitised with the small-intestinal nematode Trichostrongylus colubriformis 
resulted in an increase in mucosal mast cell numbers (48). Proliferation of mucosal mast 
cells and globule leukocytes has been associated with the expulsion of nematodes from 
the gastrointestinal tract (49, 50). It appears, however, that the effects on mucosal mast 
cells may not be consistent throughout the gastrointestinal tract; the same CT extract did 
not affect the number of mast cells in the abomasum (true stomach) of sheep infected 
with the abomasal parasite Haemonchus contortus (43). This inconsistency is also 
apparent in the observed anthelmintic activity of CT; the administration of CT resulted 
in a reduction in the intestinal parasite burden in sheep, but no effect was observed in 
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an abomasal parasite population (41). This lack of an immunogenic and an anthelmintic 
effect in the abomasum may be related to the reduced bioavailability of CT in the abo-
masum. It has been previously suggested that as CT are in complexes with dietary 
protein or other macro-molecules in the aboamsaum (51), they may be unavailable to 
exert any type of activity. Appropriate pH and other conditions in the small intestine 
may enable the disassociation of CT from complexes and likely allow them exert their 
activity, both immunogenetic and anthelmintic.

In some studies, the effects of condensed tannins have been studied under grazing 
conditions, where parasitised animals are given access to either CT-rich or conventional 
forages. Sheep infected with an abomasal nematode, Teladorsagia circumcincta, and 
grazing on sulla (Hedysarum coronarium), a legume rich in CT, had increased number 
of mucosal mast cells and globule leukocytes in their abomasum, when compared with 
sheep grazing on conventional pastures (52). In another study, humoral responses were 
measured in sheep grazing on sulla and conventional legumes (Medicago sativa); anti-
body titres against specific parasite antigens were higher in sheep grazing on sulla 
compared to the conventional legumes (45). Furthermore, the consumption of sainfoin 
(Onobrychis viciifolia), another CT-rich legume appeared to enhance immune cell 
development in the small intestine of sheep, such as mucosal eosinophils, mast cells and 
Paneth cells, when compared to those grazing on conventional pastures (53). Despite 
the clarity of the above results, it is not always easy to distinguish whether the immu-
nomodulatory effects observed are attributed to the activity of CT or to the nutritional 
superiority of the CT-rich grazing, often reported. CTs are macro-molecules with great 
affinity to dietary protein; they form stable compounds with the protein, protect it from 
rumen degradation, and then released in the small intestine for absorption (54). Thus, 
CT consumption has the ability to increase host protein availability, and it may very 
well be that the immunogenic effects observed arise from an improved level of protein 
nutrition, as discussed above, rather than the CT per se. However, it should be noted that 
in most of the cases mentioned above, control grazing was of similar nutritional quality 
as CT-rich grazing and that animal productivity did not differ between grazing treat-
ments. Although this supports the view that immunogenic effects observed directly 
from CT, it cannot be excluded that increased immune responses are the consequences 
of the increased protein supply. Parasitized animals have higher protein requirement 
than their non-parasitized counterparts (55); in addition, it has been suggested that allo-
cation of scarce protein to growth and reproductive functions may be prioritized over 
expression of immunity to parasites (21). Thus, even at time of apparent protein abun-
dance, an increased protein supply could affect selected immune responses, as observed 
in parasitized sheep (26, 56, 57) as well as mice (58).

4.4  CONCLUSIONS AND PERSPECTIVES

We have showed that the nutritional environment of the host can affect the manifesta-
tions of immunity to parasites, although in many cases, it is not yet clear how this is 
achieved. Most of the evidence available to date is supportive of a quantitative relation-
ship between nutrition and immunity to parasites. As mentioned earlier, host’s nutrition 
is responsible to cover the requirements for effective immune response to parasites, in 
addition to maintenance and growth/reproduction. As a consequence, under nutrient 
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scarcity, immunity may be penalised and the penalties in immune response can be recti-
fied through nutritional supplementation (21). In addition to the quantitative relation-
ship, it seems that a qualitative relationship between certain nutrients and effector arms 
of immunity may also be also possible, i.e. specific nutrients may affect the expression 
of genes that are responsible for immunity to nematodes. For example, although such a 
relationship has not yet been demonstrated in livestock, there is evidence from rodent 
models that certain nutrients, such as branched chained amino acids may be acting as 
regulators of gene expression via modulation of the initiation phase of mRNA transla-
tion (59). Other nutrients have been shown to regulate the expression of specific pro-
teins that have been associated with the regulation of disease occurrence; for example, 
zinc has been shown to regulate uroguanylin, a peptide hormone, which increases the 
occurrence of diarrhoea (60). Thus, it is possible that even under conditions of nutrient 
 adequacy, certain nutrients may signal and trigger the synthesis of components of the 
immune response to parasites, which may consequently result in an enhanced immune 
response. Whether such relationships are responsible for the aforementioned observed 
immunogenic effects of CT-rich forages in the absence of effect on host performance 
(i.e. under apparent nutrient adequacy), remains to be investigated. In the absence of any 
pathogens, gene expression analysis revealed that protein supplementation resulted in 
several hundreds of genes being differentially expressed in specific tissue of rats com-
pared to unsupplemented ones (61). In the presence of intestinal nematode parasites, 
increased dietary protein supply has increased protein synthesis in the small intestine of 
hosts, in rodent and ruminant models (62, 63). If the cells that benefit from nutritionally 
enhanced gene expression are those actively synthesizing molecules for the immune 
response, this would be expected to enhance host immunity, and would give the pros-
pect of modulating immunity by manipulating the diet of parasitized hosts. This last 
hypothesis still remains to be tested.

There is already evidence on the effects of nutrition on gene expression and such 
investigations have been greatly advanced by the exploitation of high throughput tech-
nologies. Gene expression profiling and biomics have revealed genes related to aging, 
cancer, metabolic disease and diabetes that can be affected by host nutrition. Similar 
advancements have been reported in parasite immunology following the implementa-
tion of high throughput technologies. We believe that the latest advancements in 
genomic and proteomic developments will enable the investigation of nutritional regula-
tion of expression of genes responsible for the immune responses that control parasitism 
in mammals. In the longer term, the investigation of the effects of nutrients on gene 
expression could allow effective dietary interventions to prevent diet-related disease. 
Exploitation of biomic technologies in rodent models has greatly advanced our knowl-
edge in mechanisms, effector molecules, functional pathways and their importance in 
expression of immunity. For example, recent gene profiling in murine model systems 
has identified a number of molecules that are up-regulated during a Th2 response, 
which is responsible for the expulsion of gastrointestinal nematodes (64). By bringing 
together basic immunology and nutrition and by exploring the novel technologies that 
can assure a global unbiased approach, we can further advance our understanding on the 
immunomodulatory effects of nutrition. To this effect, ongoing gene expression studies 
on interactive effects between host protein nutrition and parasitism are starting to show 
nutritional enhancement of expression of selected genes related to immunity to parasites 
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(Athanasiadou, unpublished). By identifying such pathways and associated molecules 
that are sensitive to host nutrition, we can make significant contributions in the forma-
tion of recommendations for the use of nutrition alone, or in combination with other 
treatments to improve protection towards parasitism, in animals and man. In man, in 
particular, this route will lead to mapping individual’s health which can lead to person-
alized nutrition for health and immunity.
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Key Points

The immune system requires a constant supply of nutrients for its optimal function •	
and performance.
Under stress conditions, the immune response may be suppressed and is modulated •	
by the central nervous system through a complex network of signals.
Communication between the neuroendocrine and immune systems has been well •	
established, and there is ample evidence to indicate that stress-associated immune 
dysregulation is sufficiently intense for repercussions on health.
Psychological stress contributes to many disease states with the clear involvement •	
of immune mechanisms that can be modulated or conditioned by food components 
and nutrients.
Understanding interactions among diet, the central nervous system and the immune •	
system provides insight on health of situations of psychological stress.

Key Words: Nutrition, stress, immune system, neuroendocrine system.

5.1  INTRODUCTION

Stress is a term that means different things to different people, but in general has long 
been suspected to play a role in the etiology of many diseases. Stress has been defined 
as a constellation of events that starts with a stimulus (stressor), which triggers a reaction 
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in the brain (stress perception) that in turn activates physiological systems in the body 
(stress response) (1). Stress is triggered by a variety of unexpected environmental 
stimuli, such as aggressive behavior, fear, forced physical activity, sudden environmental 
changes, social isolation or illness (2). In general terms, it can be described as the 
consequence of the body’s reaction to abnormal external conditions that requires some 
sort of physiological regulation often associated with an immune response.

The immune system protects the body from bacteria, viruses, fungi, and other harmful 
organisms and to correctly carry out its functions requires a constant supply of nutrients. 
While under normal circumstances, the immune system is highly efficient with its mul-
tiple defense systems (nonspecific and specific immune responses) against the onslaught 
of outside invaders, under stress conditions the immune response may be suppressed (3). 
The influence of stress on immune responses has long been addressed in animals and 
humans and results have revealed that stress affects thymus-derived lymphocytes 
(T-cells) and plays a role in cell–cell interactions and the release of mediators from 
activated lymphocytes (4). Results have also shown that stress-induced immune dysregu-
lation can have significant impacts on health, including an impaired immune response to 
antigens such as bacteria and viruses.

5.2  STRESS AND THE IMMUNE SYSTEM

Communication between the neuroendocrine and the immune systems has been well 
established, and there is sufficient evidence to indicate that stress-associated immune 
dysregulation may have implications for the health of an individual. As part of the adap-
tive response to stress, body systems such as the autonomic, cardiovascular, gastrointes-
tinal and immune systems may be affected (3). From a review of the literature, it becomes 
clear that psychological stress may suppress or enhance immune functions, depending on 
the nature of the stressor (acute or chronic). Thus, it is important to distinguish between 
the different features of stress such as its duration and intensity. Acute stress has been 
defined as stress that lasts for a period of minutes to hours (e.g., that triggered by a 
speech task, taking school exams) and chronic stress as stress that persists for days to 
months (e.g. when facing bereavement, unemployment, divorce or caring for patients 
with Alzheimer’s disease, etc.) (5).

5.2.1  Acute Stress
The first stage of the acute stress response is characterized by changes in the activity 

and levels of cytokines and immune cells such as B-lymphocytes and natural killer (NK) 
cells (1, 6). Acute psychological stress is generally associated with immune stimulation, 
enhancing the delayed type hypersensitivity (DTH) response, NK cell activity, immune 
cell numbers (7) such as CD8+ lymphocytes, B-cells (CD19+), NK cells, and tumor 
necrosis factor-alpha (TNF-a) levels, interleukine (IL)-6, IL-4, IL-10, IL-13 production 
and salivary secretion of immunoglobulin A (IgA) (8, 9). Acute psychological stress 
experienced by medical students during exams resulted in a decrease in the synthesis of 
interferon-gamma (IFN-g) accompanied by increased IL-10 production by isolated 
peripheral blood lymphocytes (PBL

s
) (10). Collectively, these findings suggest that acute 

stress has an activating effect on immune factors (11, 12).
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5.2.2  Chronic Stress
Contrary to acute stress, chronic stress can lead to decreases in B-cells, lymphocyte 

levels, proliferative responses of lymphocytes to several mitogens, as well as NK 
activity (13, 14). Chronic stress has also been associated with a reduction in the DTH 
response, CD4+ and CD8+ lymphocytes, and IL-2 and IFN-g cytokine production, 
leading to an increased risk of upper respiratory tract infections (8, 15).

In response to chronic stress, the findings of several studies indicate inhibition of 
T-cell responses to mitogens such as concavaline A (Con A), phytohemagglutinin 
(PHA) and a monoclonal antibody used to stimulate the T-cell receptor, a poorer prolif-
erative (memory) response to herpes simplex virus-1 (HSV-1), and inhibition of the 
ability of NK cells to respond to recombinant IL-2 and IFN-g (16–20).

De Gucht et al. (21) examined the effects of chronic work-related stress (nurses 
working at a university hospital) on immunity in two groups of subjects classified as 
high stress/low psychopathology and high stress/high psychopathology according to the 
scores obtained in tests. These authors observed activation of CD4+ cells and expansion 
of the CD3 + CD16CD56+ compartment in the group with a low psychopathology 
score, and a reduced suppressor CD8 + CD11b + subset in the other group. Serum IL-2 
levels were higher in the high stress/low psychopathology score group.

Other studies have also addressed the relationship between job-related stress and the 
immune system. Thus, caregivers of dementia patients have been shown to display 
changes in several immune parameters, including mitogen-induced proliferation (22), 
NK cell activity (23) and antibody responses following influenza vaccination relative to 
age-matched noncaregivers (24, 25). A drop in lymphocyte and cytotoxicity markers 
(CD56, CD8) has also been observed in elderly caregivers (23). In summary, chronic 
stress is associated with serious impairment of immune functions, with possible conse-
quences on health (8).

5.3  NEUROIMMUNOMODULATION AND STRESS

In stress conditions, the immune system is modulated by the central nervous 
system (CNS) through a complex network of signals. In effect, stress has been linked 
to diminished resistance to infection.

The neuroendocrine and immune systems communicate bidirectionally. The hypotha-
lamic-pituitary-adrenal (HPA) axis and the sympathetic-adrenal medullary (SAM) axis 
are pathways via which psychological stress can modulate the immune system. Arginine 
vasopressin (AVP) plays an important role in stress-induced activation of the HPA axis.

Researchers have shown that stress-induced activation of the HPA axis by the release 
of neuroendocrine hormones from the pituitary gland, results in dysregulation of the 
immune system (26). The SAM axis and the endogenous opioid system have also been 
incriminated in the immune dysfunction that occurs in response to stress.

Crosstalk between the neuroendocrine and the immune systems is now well estab-
lished (27). Neurotransmitters and hormones can modify the actions of immune cells and 
conversely, cytokines secreted by immune cells can alter CNS homeostasis (28). The link 
with stress is manifested by experimental studies showing a relationship between stress 
and resistance to infection. For example, chronic psychological stress induces activation 
of the HPA axis and sympathetic nervous system (SNS) causing the release of cortisol 
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and hormones such as corticotrophin-releasing hormone (CRH) (29). These in turn may 
dysregulate the immune response and probably lead to impaired immune function (30) 
(Fig. 5.1). What has been clearly established is that the neuroendrocrine system plays an 
essential role in the pathophysiology of stress-associated immune disorders (31).

In summary, stress affects the HPA axis, brain neurotransmitter systems and SNS, all 
of which may affect the neural regulation of immune function (2). Indeed, neuroimmu-
nomodulation seems to be the main mediator of the immune alterations associated with 
conditions of stress. It is important to remember that the bidirectional interactions 
between the endocrine, CNS, and immune systems constitute a finely tuned regulatory 
system or homeostasis required for health maintenance (30, 32).

5.4  STRESS–NUTRITION INTERACTIONS

The available evidence indicates that exposure to stressful situations induces a highly 
complex set of neuroendocrine changes that depends on individual characteristics and 
physiological factors such as nutritional status (33). Thus, the extent of stress-associated 
immune dysregulation produced in an individual is sufficient to have serious effects on 
health such that it is essential to consider nutritional aspects.

Energy intake imbalance is considered a physiological stressor involving potential bio-
logical mechanisms (e.g. chronic inflammation and oxidative stress) (34). Several studies 
have shown that calorie restriction and obesity are physiological stress models (35–38).

The nutritional stress of a 36-h fast has been shown to increase the number of neu-
trophils in the peripheral blood of elderly and young adult subjects (35). Fasting seems 

Fig. 5.1. Diagram showing communication pathways between the brain and immune system and 
cytokine feedback.
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also to affect immunity (decreasing CD4 cell subsets and increasing NK cell activity), 
at least to some extent, through changes in adrenal gland-related hormones (39).

This immunomodulatory effect observed after stress due to calorie restriction seems 
to be related to elevated plasma cortisol levels causing lymphocytes to be drawn into 
regional lymph nodes (6). The lymphopenia caused by stress due to calorie restriction 
is reversible within minutes of alleviating the stress (40).

On the other hand, several studies have reported that psychological stress is associated 
with a greater consumption of high fat foods, leading to overweight and obesity (41). 
There is also mounting evidence that stress-related chronic stimulation of the HPA axis 
and the consequent excess exposure to glucocorticoids could play a role in the develop-
ment of visceral obesity (42–44). Some authors have hypothesized a role for cortisol 
in promoting calorie-dense food intake and identified the potential contribution of 
neuroendocrine/peptide mediators, such as leptin, insulin, and neuropeptide Y, to interact 
between stress and eating behavior (45).

The bidirectional relationship between stress and energy intake imbalance, leading to 
reduced calorie intake or obesity is well documented. Thus, stress may lead to neuro-
biological adaptations that promote the compulsive nature of overeating (45), finally 
leading to obesity. In addition, obesity is considered a physiological stress state related 
to inflammatory and oxidative stress status of the individual (38, 46, 47). Stress may 
also have the opposite effect on food behavior, leading to reduced calorie intake. 
Moreover, repeated dietary patterns often induce addictive behavior, which could lead to 
eating disorders such as obesity. In effect, addictive behavior patterns have been correlated 
to stressful life events (48).

5.5  DIET EFFECTS ON STRESS-RELATED 
NEUROIMMUNOMODULATION

Interactions among diet, CNS, and the immune system may help our understanding 
of their roles in physiological stress situations. Several articles have addressed the rela-
tionship among diet, stress, and immunity.

Many disease situations involve psychological stress, with the clear participation of 
immune mechanisms that can be modulated or conditioned by food components and 
nutrients (49). Thus, vitamins and amino acids (AA) have been described to play a pos-
sible role in antiphysiological stress in animal and human models developed to examine 
HPA regulation and immunomodulatory effects (49–53). In the following sections, we 
briefly describe nutrition effects on stress situations.

5.5.1  Can Dietary Fatty Acid Supplementation Help Control Stress?
Fatty acids are directly involved in tolerance to stress reactions. These acids form part 

of the brain’s structure and account for 20% of the membranes of nerve cells.There is 
evidence that a high intake of eicosapentaenoic acid (EPA) (1 g/day) increases the 
chances of recovery from depression caused by stress (54). Some researchers have also 
observed that EPA induces neutrophilia and increases the CD4/CD8 ratio (55).

Supplementation with EPA (1 g/day) in combination with other compounds such as 
dexamethasone (0.001 g/day) has also been suggested to help to control stressful situations 
(55, 56).
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In a double blind intervention study, the authors reported reduced stress-related 
violence after 9 months of supplementing the diet with vitamins, minerals, and essen-
tial fatty acids (EPA, docosahexaenoic acid (DHA), and linoleic acid) (57). A drop in 
aggressiveness was also observed in alcoholics with significant levels of anxiety after 
3 weeks of DHA and EPA fatty acid supplements (2 g/day) (58). There is thus enough 
evidence to support the benefits of omega-3 fatty acid supplementation in some stress 
situations.

5.5.2  Micronutrients and Stress
Vitamin supplementation has been linked to beneficial effects on immune function 

(59, 60). Beta-carotene (doses of 15, 30, 45, or 60 mg of b-carotene per day for 2 
months) raises the number of NK cells and the percentage of cells expressing the IL-2 
receptor with increasing doses (59).

Changes in environmental factors such as heat, cold, high-altitude, etc., cause stress 
and metabolic adaptations might be, in some instances, also accompanied by changes 
in nutrient requirements and energy expenditure. Thus, vitamin B-cofactor require-
ments increase proportionally to energy expenditure. Additional doses of vitamins with 
antioxidant properties may be beneficial for reducing oxidative stress associated with 
exposure to heat, cold, or high-altitude outdoor environments (61).

Vitamins are also considered to play an important role in physiological stress situa-
tions. The effects of micronutrient supplementation on the neuroimmunoendocrine 
system have been explored in several physiological stress situations (e.g., post exercise 
or job associated stress). Davison et al. (62) examined the effects of daily vitamin C 
(L-ascorbic acid, 1,000 mg/day) and vitamin E (RRR-alpha-tocopherol, 400 IU/day) 
supplements on immunoendocrine responses over a 4-week period in healthy adults 
undergoing prolonged exercise. Their results suggest that four weeks of vitamin sup-
plementation may blunt the cortisol response independently of changes in oxidative 
stress or plasma IL-6 concentrations.

One of the first studies performed in the 1990s in experimental animals, addressed the 
effect of vitamin E and selenium (Se) supplements for a period of 12 weeks. 
Supplementation reduced the oxidative reactions and the ensuing lipid peroxidation in 
lung tissue when the animals were subjected to strenuous physical exercise (63). Similar 
beneficial effects on oxidant compound levels under acute exercise with antioxidant vita-
min and mineral supplements have been documented in several human studies (64–67).

Oxidative stress has also been incriminated in the pathogenesis of a number of 
diseases such as aging, diabetes, neurodegenerative disorders and chronic diseases. In a 
study of the effects of 2 months of therapy based on a combination of vitamins (vitamin E, 
800 IU; vitamin C, 250 mg; vitamin B6, 100 mg; vitamin B12, 250 mg; and folic acid, 
10 mg) conducted in end-stage renal disease (ESRD) patients, the authors concluded 
that adding a potent antioxidant cocktail to conventional vitamin supplements had no 
effect on the severity of ESRD-induced oxidative stress, and also unaffected reactive 
protein C and IL-6 levels in these patients (68).

Vitamin E (200 mg/day) has been reported to reduce oxidative stress in type 2 diabetes 
(69). A recent study has shown that supplementation with vitamin E and selenium 
(140 mg alpha-tocopherol and 200 mg selenium) reduces oxidative stress and improves the 
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overall antioxidant status of patients with pulmonary tuberculosis treated with standard 
chemotherapy (70). Vitamin E (400 IU) and selenium (600 mg) co-supplementation also 
seems to attenuate oxidative stress in hemodialysis patients undergoing intradialysis 
iron infusion (71).

5.5.3  Amino Acids
There is mounting evidence to suggest that, besides their role as building blocks of 

proteins and polypeptides, some AA are important regulators of key metabolic path-
ways that are necessary for growth, reproduction, and immunity in humans (72). Indeed, 
protein deficiency has long been known to impair immune function and increase the 
susceptibility of animals to disease (73).

While examining the relationship between dietary AA intake and stress, Sung and 
Chang (74) observed a negative relationship between taurine intake and the scores 
obtained in a self-administered life stress questionnaire. Dietary tyrosine supplementa-
tion is thought to reduce some of the adverse effects of stress situations (cold condi-
tions) through CNS activation (75). Glutamine also seems to play an important role 
during metabolic stress (e.g. surgery) (76). Dietary supplementation with glutamine was 
found to reduce the production of glucocorticoids in weanling pigs (77).

Glutamine and arginine are both used as nutritional supplements in critically ill patients. 
Both AA affect similar organ systems although they differ in their targets. For example, 
glutamine serves as fuel for immune cells, increases human leukocyte antigen-DR expres-
sion on monocytes, enhances neutrophil phagocytosis, and increases heat shock protein 
expression (78). Arginine affects the immune system by directly or indirectly stimulating 
the proliferation of immune cells. The indirect effect is possibly mediated by nitric oxide, 
which also enhances macrophage cytotoxicity. Further, glutamine serves as a precursor for 
the de novo production of arginine through the citrulline-arginine pathway. Glutamine has 
been shown to be beneficial in the surgical and critically ill patient, while the benefits of 
arginine supplementation are still under debate (78).

In summary, several studies have indicated the utility of AA supplementation in stress 
situations such as those suffered by postsurgery or critically ill patients. The possible 
benefits of AA supplements in healthy subjects subjected to stress conditions have yet 
to be explored.

5.5.4  Nucleotides
Many foods are dietary sources of nucleotides, e.g. lamb, liver, mushrooms (but not 

other vegetables or fruit). In stress situations, dietary nucleotides have been described as 
“semi-essential,” optimizing the functions of the gastrointestinal and immune systems (79). 
The benefits of nucleotide supplementation have been mainly studied in exercise-related 
stress situations.

Mc Naughton et al. (80) determined the effect of a nucleotide supplement on salivary 
immunoglobulin A and cortisol responses after prolonged endurance cycling exercise 
(90-min cycle ergometer trials; 60% VO

2
max) and proposed that this supplementation 

could offset the cortisol response associated with acute exercise. The same authors 
also reported that chronic intake of a nucleotide supplement blunts the response of 
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the hormones associated with physiological stress produced after short-duration 
high-intensity exercise (2 min) in trained male subjects (81).

Blouet et al. (82) investigated the effects of dietary cysteine supplementation (5.8 or 
20 g N-acetylcysteine per kilogram of food) on oxidative stress and glucose homeostasis 
in rats fed a high-sucrose diet. Their results indicated improved impairment of glucose 
homeostasis mediated by a reduction in oxidative stress.

5.5.5  Probiotics
To understand how the CNS connects psychological and physical manifestations in 

the form of diseases, the case of inflammation related to gastrointestinal alterations 
resulting from stress may be used as an example.

Diop et al. (83) noted that the consumption of probiotics [Lactobacillus acidophilus 
Rosell-52 and Bifidobacterium longum Rosell-175; 3 × 109 colony-forming units (cfu)] 
over 3 weeks could have a beneficial effect on the gastrointestinal symptoms experi-
enced by individuals with chronic stress (abdominal pain, nausea).

Gastrointestinal diseases may provoke mood changes. The clearest example is that 
of irritable bowel syndrome (IBS), which is considered both a gastrointestinal and a 
psychological disturbance (84) and is frequently accompanied by depression symptoms 
(85). Studies performed in gnotobiotic animal models have shown that intestinal health 
is a prerequisite for the normal function of both the immune system and CNS. 
Microorganisms are responsive to the host’s neuroendocrine environment and conversely, 
bacteria can influence the neuroendocrine environment by producing neurochemicals 
such as gamma amino butyric acid (GABA), serotonin, and several biologically active 
peptides (86). Germ-free animals show several signs of an underdeveloped immune 
system and also exhibit hyperactivity of the HPA axis and reduced monoaminergic activity 
(87). In this context, probiotics might be regarded as a beneficial dietary strategy for two 
reasons. First, as modulators of the immune response at the level of the intestinal 
mucosa, they maintain the balance between proinflammatory and anti-inflammatory 
cytokines; and secondly, probiotics have been shown to modulate impaired afferent 
neuronal activity, as in the case of the visceral hyperalgesia typical of IBS (88–90). 
Hence, certain metabolites or other chemical compounds generated by probiotic organ-
isms could directly affect neuronal function. Effectively, certain microorganism species 
have been shown to elaborate neurotransmitter peptides and nitric oxide (91).

In double-blind, placebo-controlled studies, Lactobacillus plantarum 299v (92, 93) 
was reported to relieve some IBS symptoms, while Lactobacillus rhamnosus GG and 
Lactobacillus reuteri were unable to modify or improve IBS symptoms (94, 95). 
Moreover, Verdu et al. (89) showed that Lactobacillus paracasei may prevent visceral 
pain, stress, and antibiotic-induced visceral hypersensitivity in rats. Other authors have 
reported a beneficial effect on abdominal pain/discomfort in patients with IBS of 
probiotic supplementation (Lactobacillus salivarius UCC4331 or Bifidobacterium 
infantis 35624, each as a dose of 1 × 1010) (96) through normalization of the ratio of 
anti- to proinflammatory cytokines. As already mentioned, since stress induces several 
disorders, including gastrointestinal symptoms, probiotics may be useful to help regulate 
or modulate gastrointestinal functions (83).

In other stress situations such as psychological stress in university students undergoing 
exams, probiotics such as Lactobacillus casei DN-114001 may modulate the altered 



83Chapter 5 / Neuroimmunomodulation, Stress–Nutrition Interactions and Diet

immune response caused by stress (97). In this latter study, supplementation with 
probiotics prevented the decrease in NK cells observed in the placebo group during the 
examination period.

5.6  CONCLUSIONS AND PERSPECTIvES

While acute and chronic stress induces physiological alteration of the neuroendocrine 
and immune systems, there is increasing evidence that nutrition may serve as a useful 
tool against stress.

Existing data suggest that dietary intake may play an important role in the general 
relationship between psychological stress and immune function (98). However, although 
there is evidence to suggest that nutrition interventions are promising approaches to 
modulating the immune alterations induced by both acute and chronic stress, this issue 
requires further investigation and the use of nutritional therapy to restore the neuroendo-
crine and immune alterations induced by specific stress conditions is still a distant goal.

Based on the evidence we have so far, eating a well-balanced, moderate diet and 
avoiding rapid weight loss, weight fluctuations, or inadequate weight increases, may be 
a promising strategy to regulate stress-induced immune–endocrine interactions and 
optimize or maintain health.
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6 The Intricate Role of Adipokines  
in Immune-Mediated Diseases
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Key Points

Food intake and nutritional status modify the physiological response of the immune •	
system to illness and influence the development of chronic inflammatory processes.
Adipose tissue secretes immune-related proteins called adipokines that are pleio-•	
tropic factors acting in the immune system and in the neuroendocrine system, linking 
metabolism and immune physiology.
Obesity and adipokines display a variety of immune and physiologic functions, par-•	
ticipating in several immune responses, such as autoimmunity, antitumor responses, 
transplanted organ rejection, infectious diseases, and many others.
The understanding and, more important, the ability to modulate these adipose tissue-•	
derived hormones may have a great impact on the treatment of several immune- and 
metabolic-related diseases.

Key Words:  Adipokines , obesity, hormones, immune diseases, metabolic disease.

6.1  INTRODUCTION

Obesity, a pathological condition accompanied by excessive fat deposits, is currently 
a major public health issue and an important risk factor contributing to the development 
of different types of diseases worldwide. Obesity is correlated with low-grade inflam-
mation of white adipose tissue accompanied by chronic activation of the innate immune 
system, insulin resistance, impaired glucose tolerance, and diabetes (1). In addition, 
obesity has been associated with hypertension, hypercholesterolemia, several types of 
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tumors, cardiovascular diseases, and immune dysfunctions accompanied by higher 
infection rates and delayed wound healing. The alteration of energy homeostasis during 
obesity has been attributed both to physiological imbalances, which can occur from a 
number of causes, such as neuroendocrine factors, metabolic disturbances, and genetic 
traits, as well as nonphysiological influences such as changes in lifestyle, excessive 
energy intake, and/or reduced physical activity (2).

6.2  ENERGY BALANCE, IMMUNITY AND DISEASE

It is well known that body compositions depend on the balance between food intake 
and energy expenditure, and they are apparently under the control of three components: 
(1) food intake, (2) energy utilization and thermogenesis, and (3) adipocyte 
metabolism.

A multifactorial and mutual interaction exists among nutrition, immune function, and 
pathological disorders. Food intake and nutritional status may influence the physiologi-
cal response of the immune system to illness and infection, resulting in the rapid clear-
ance of a pathogen or even in the development of a chronic inflammatory process. On 
the other hand, a disruption in immune function may result in detrimental effects on 
nutrient utilization, which can lead to malnutrition and immunodeficiency (3). This 
close relationship between the immune system and nutrition indicates that nutritional 
monitoring during illness is an important factor in helping to clear diseases in a timely 
manner.

Clinical and epidemiological data indicate that immunocompetence depends on 
nutritional status because impaired immune responses are, in some cases, connected to 
malnutrition, thus contributing to the increased prevalence of infectious disorders (4). It 
has been observed that the rapid turnover in lymphoid tissues appears to be highly 
affected by nutrient imbalances, thus linking metabolic pathways and the immune sys-
tem. Moreover, infection is associated with decreased food intake, intestinal catabolic 
stress and increased nutrient loss through urine and sweat, which work together with the 
impaired synthesis of proteins such as immunoglobulins and impaired cell proliferation 
(5). This impaired protein synthesis and the decrease in cell proliferation may lead to 
some degree of immunodeficiency, resulting in illness and chronic inflammatory 
responses.

A number of immunological measures can be used to assess nutritional status, such 
as leukocytes counts, proliferation assays induced by several antigens, leukocyte migra-
tion, and phagocytosis, delayed-type hypersensitivity reactions (DTH), plasma concen-
trations of different immunoglobulins, the production or activity of complement 
compounds, cytokines, etc. Although all of these assays can be used clinically, lym-
phocyte counts are one of the most commonly applied tests in nutritional evaluation (6). 
It is important to keep in mind, once one of the immune measures is investigated, that 
a determined immune function that is altered in one individual may be normal in 
another, meaning that, depending on the case, more than one immune parameter may be 
necessary.
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6.3  ADIPOKINES: MEDIATORS LINKING IMMUNITY  
AND NEUROENDOCRINOLOGY

Adipose tissue is not only used to store energy. Recently, it has become clear that this 
tissue is involved in a number of functions as an endocrine organ. The immune-related 
proteins fashioned by adipocyte tissue include leptin, adiponectin, resistin, visfatin, 
TNF, adipsin, IL-6, and others. Moreover, leukocytes have been suggested to contribute 
to adipose tissue metabolism because of their ability to influence fat deposits. 
Furthermore, preadipocytes might function as macrophage-like cells, raising the possi-
bility that adipose tissue might participate in the inflammatory process (7). In addition, 
the protein macrophage migration inhibitory factor (MIF), an inflammatory mediator 
involved in macrophage migration, is expressed in adipocytes, which indicates that it is 
involved in several biological events, such as wound healing, atopic dermatitis, and pos-
sibly in diabetes and obesity (8, 9). Therefore, a close relationship exists between adi-
pocyte physiology and immune function, and, as we will discuss further, several 
adipokines participate in a variety of immune responses in both the innate and adaptive 
arms of the immune system (Fig. 6.1).

Fig. 6.1. The multiple functions of white adipose tissue. Functions: synthesis and secretion of adi-
pokines, and the uptake, storage, and synthesis of lipids. White adipose tissue is also a source of 
pro-inflammatory factor that modulates the inflammatory response and promotes several diseases.
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Evidence for a link between fat metabolism and immune system interactions comes 
from the fact that the fatty acid composition of phospholipids from splenocyte mem-
branes are affected by dietary lipid manipulation, thereby modifying lymphocyte func-
tions (10, 11). For example, higher levels of linoleic acids in spleen lymphocytes 
negatively correlate with CD25 (IL-2 a chain receptor) expression and proliferation 
rates. Thus, immunosuppressive effects induced by polyunsaturated fatty acids may be 
due to an increase in linoleic acid or a decrease in oleic acid-modifying components that 
are found during plasma membrane-associated events involved in lymphocyte activation 
(10).

6.3.1  Leptin
Several adipocyte-secreted products have been identified and some of these products 

are known as adipokines. This term is used to describe a cytokyne produced mainly by 
adipocytes (12). One of the adipokines that has gained enthusiastic attention from the 
scientific community is called leptin.

Leptin was first described in 1994 (13). Indeed, the study of leptin biology took place 
with the description of two mouse models, one obese (ob) and the other diabetic (db) 
(14, 15). In homozygotes (ob/ob and db/db), mutations in these loci led to hyperphagia 
and lower metabolic rates. Although genetic studies mapped these genes to different 
loci, their correlation became clear through parabiosis studies. The term parabiosis 
refers to the natural or surgical union of anatomical parts of two organisms, usually 
involving the exchange of blood, as in the development of Siamese twins or in certain 
transplant operations. In these studies, the parabiosis of ob/ob animals with both control 
littermates and db/db mice abrogated the phenotype observed in ob/ob animals, suggest-
ing that the product of the ob gene was a circulating factor found in wild type and db/
db mice, termed db (16, 17). In contrast with the results observed in ob/ob animals, the 
phenotype of the db/db mice was not modified by parabiosis with either wild type or 
ob/ob littermates, suggesting that the db/db animals, although possessing the circulating 
factor, were insensitive to it. These classical experiments lead to the assumption that the 
ob receptor gene was not functional in the db/db mice.

The hypothesis brought out by these classical experiments was confirmed by cloning 
the ob gene and identifying its product as leptin (14, 15). Shortly after cloning and 
identifying the ob gene, its receptor was also cloned (18). Once the leptin receptor gene 
was cloned, it was possible to observe that the gene responsible for leptin receptor tran-
scription was mutated in the db/db mice (19).

There are several forms of the leptin receptor, all of which are a product of a single 
gene, lepr, and result from alternative splicing and photolytic cleavage (20). The leptin 
receptor can be divided into three categories: secreted form, short form, and long form 
(20, 21). Although the roles of the short forms of the leptin receptor are not well know, 
the long form, OBRb, is of greater importance in leptin function. OBRb is a receptor that 
activates Jak kinases, thus inducing STAT3 phosphorylation and activation (22).

After these initial studies, it became well known that leptin, the mouse ob gene prod-
uct, is an unglycosylated peptide hormone belonging to the cytokine class I superfamily, 
is primarily synthesized by adipocytes, and acts in the hypothalamus to regulate energy 
expenditure and food intake (23). Blood levels of leptin are associated directly with the 
quantity of adipose tissue. The action of leptin in the central nervous system leads to a 
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decrease in food intake and an increase in energy expenditure. Moreover, leptin levels 
are gender dependent, being higher in females. In summary, leptin is a cytokine with 
hormonal characteristics and pleiotropic functions (24).

Because of leptin’s role in the regulation of metabolism, it is a mediator of both the 
neuroendocrine system and immune responses (25). In the immune system, the lack of 
leptin or the inability to synthesize it promotes a variety of alterations. The db/db and 
ob/ob animals showed thymic atrophy and a tendency to become immunodeficient (26). 
Some of the actions of leptin in the immune system include the modulation of mono-
cytes/macrophages, neutrophis, eosinophis, basophis, natural killer cells, dendritic cells, 
and lymphocytes (27–31). Leptin may induce the activation of T cells and modify the 
balance between Th1 and Th2 cells, favoring the production of Th1-pattern cytokines, 
thus indicating its pro-inflammatory role (28). Leptin might be produced by inflamma-
tory cells and its gene transcription and transduction may be increased by LPS, IL-1, 
and IL-6 stimulation (32, 33).

In the innate immune system, leptin apparently participates in monocyte and macro-
phage activation, favoring phagocytosis and the production of B4 leukotriene, cycloox-
ygenase, nitric oxide, and the proinflammatory cytokines TNF and IL-1 (34, 35). In 
neutrophils, leptin increases chemotaxis and the release of oxygen radicals, and in 
humans, these effects are apparently indirect and promoted by the production of TNF 
by macrophages (36–38). Leptin affects the activation and development of NK cells, 
both in vivo and in vitro (39, 40). Due to the fact that the NK cells express OBRb and 
that db/db mice display an NK cell deficit, it is possible that leptin acts on both the 
development and maintenance of these cells (39–41).

Regarding adaptive immunity, leptin has been principally investigated in CD4+ cells. 
Leptin increases the activation of CD4+ T cells and their migration to inflammatory 
sites, possibly through an increase in the expression of adhesion molecules such as 
ICAM (intercellular adhesion molecules) and VLA2 (very late antigen 2) in response 
to IFN-g (42).

Another role for leptin was observed in ob/ob mice. The lack of leptin in these ani-
mals is associated with thymic atrophy and immunosuppression (26, 42). Also, a leptin 
deficiency correlates with decreased hypersensitivity reactions. These alterations can be 
reversed by leptin administration (26, 43).

The ob/ob animals show only minor secretion levels of IL-2, IFN-g, TNF and IL-18 
and an increase in Th2 cytokines, such as IL-4 and IL-10, after mitogenic stimulation, 
which can cause these animals to be protected from induced autoimmune diseases (28, 
44–46). Because leptin favors the Th1 profile and these cells have been associated with 
autoimmune diseases such as experimental autoimmune encephalomyelitis (EAE), it is 
possible that leptin neutralization at least partially protects the development of EAE and 
other autoimmune diseases, such as type 1 diabetes and antigen induced arthritis (47). 
The participation of leptin and other adipokines in autoimmune diseases will be further 
discussed (Fig. 6.2).

6.3.2  Adiponectin
Adiponectin is an adipose tissue-derived cytokine presenting homology to collagens 

VIII and X and to complement factor C1q. This adipokine is found in the peripheral blood 
in vast quantities and is found as several molecular isoforms (48). It acts through two 
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receptors, AdipoR1 (presented preferentially in skeletal muscle) and AdipoR2 (presented 
in the liver). The binding of this adiponectin to AdipoR1 and R2 leads to the activation of 
the kinase proteins AMPK, PPARa and PPARg, as well as other molecules (49).

In the liver, adiponectin acts by increasing fatty acid oxidation and reducing liver 
glucose synthesis. Knock-out mice lacking adiponectin did not show any severe affects 
under regular conditions, but, under a high fat diet, the mice displayed severe insulin 
resistance and muscle lipid accumulation. Circulating concentrations of adiponectin 
have a tendency to be lower in morbidly obese individuals and increase with weight loss 
and the use of thiazolidinediones, which enhance sensitivity to insulin (48, 50).

Although adiponectin and leptin were identified around the same time, compared to 
leptin, less data exists about adiponectin in obesity and obesity related disorders. 
Adiponectin’s participation in some obesity related pathologies was only recently 
 recognized. Some examples of adiponectin participation include cardiovascular dis-
eases, type 2 diabetes, and metabolic syndrome. Adiponectin displays relevant actions 
on both the innate and adaptive immune responses. It inhibits the phagocytic activity 
and IL-6 and TNF production of macrophages. Moreover, it may act to diminish T cell 
responses and B cell lymphopoiesis. Furthermore, adiponectin can induce the produc-
tion of important anti-inflammatory mediators such as IL-10 and IL-1RA by human 
monocytes, dendritic cells and macrophages (51). Thus, adiponectin may have an 
important role in protecting against obesity and vascular diseases and, as it inhibits 
leptin-induced cytokines such as TNF and IL-6, adiponectin may be a negative regulator 
of leptin, although further evidence for this hypothesis needs to be discovered.

6.3.3  Resistin
Resistin has been attributed to mediating insulin resistance, but it appears that this 

role is limited to animal models, specifically rodents. Resistin received its name because 
of its ostensible induction of insulin resistance. It is a dimeric protein belonging to the 
FIZZ (found in inflammatory zones) family. Resistin, also recognized as FIZZ3, is 
chiefly found in macrophages and adipocytes (52).

As resistin is secreted in considerable quantities by mononuclear cells, it was sug-
gested to be involved in inflammatory conditions. Resistin levels correlate with the levels 
of cell adhesion molecules, such as ICAM1, in individuals with sleep apnea. Moreover, 
in individuals with atherosclerosis, resistin correlates with other inflammation-related 
molecules, such as TNF-RII and a phospholipase A2-associated lipoprotein (53, 54). In 
addition, LPS was shown to induce resistin transcription in murine macrophages by a 
mechanism involving the production of several proinflammatory cytokines. In human 
PBMCs, resistin seems to induce and be induced by TNF and IL-6 by a mechanism that 
depends on the activation of the NFkB pathway (55). Therefore, even though limited data 
is available, resistin appears to be induced under inflammatory conditions.

6.3.4  Visfatin
Visfatin was identified in the liver, skeletal muscle and bone marrow as a growth fac-

tor for B cells precursors and has also been recognized as a pre-B-colony enhancing 
factor (PBEF). Visfatin circulating levels are closely related to white adipose tissue 
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deposits and increases with the differentiation of adipocytes. Vifastin transcription is 
regulated by TNF, IL-6 and glucocorticoids. This adipokine accumulates during lung 
injury and sepsis and is not exclusively produced by adipose tissue (56). Neutrophils 
can produce visfatin after being stimulated with endotoxin, leading to the caspase 3 and 
8 mechanisms of preventing apoptosis (56). Individuals suffering from inflammatory 
bowel diseases display elevated levels of circulating visfatin. In monocytes, visfatin acts 
to stimulate the production of TNF, IL-6, IL-1b and costimulatory molecules and to 
promote chemotaxis. Also, it may act to augment the monocyte-mediated alloresponses 
in lymphocytes (57). Therefore, visfatin, another adipokine, is considered to be a pro-
inflammatory mediator and might participate in a variety of inflammatory conditions.

6.3.5  Other Adipokines
Several other adipokines have been identified and their roles in immune-mediated 

diseases are currently being explored. Some of these adipokines include apelin, vaspin, 
hepcidin, and omentin.

Apelin was identified as a peptide and an endogenous binder of the orphan G-protein-
coupled receptor APJ. Apelin secretion in adipose tissue is increased by TNF. In mice 
with diet-induced obesity, the levels of proinflammatory factors and the macrophage 
count rise progressively in adipose tissue and it is possible that apelin plays a role in 
promoting this condition. There is a lack of information about the participation of apelin 
in immune responses, although some data supports its participation in tumor neovascu-
larization, as it increases the proliferation of endothelial cells (58).

Vaspin (visceral adipose tissue derived serine protease inhibitor) was first described 
in 2005 as a serine protease inhibitor produced by visceral adipose tissue (59). The 
administration of vaspin to obese mice improved glucose tolerance and insulin sensitiv-
ity (59). The induction of vaspin by adipose tissue may constitute a compensatory 
mechanism in response to obesity. Moreover, vaspin is modulated by the energy status 
of the placenta, indicating that this protein may be involved in the regulation of placen-
tal metabolic functions (60).

Hepcidin, described in 2001 as an antimicrobial urinary peptide that is produced in 
the liver, was later characterized as an adipokine (61). It appears to be an important 
regulator of iron homeostasis. The production of hepcidin does not exclusively depend 
on iron metabolism, but can also be stimulated by hypoxia and inflammatory stimuli 
(62). The levels of this adipokine are higher in disorders involving generalized inflam-
mation that results in hypoferremia, which is caused by decreased iron absorption and 
increased sequestration of iron by macrophages. In mice, the stimulus to produce hep-
cidin in an acute inflammation model was described as depending on the IL-6 and the 
STAT3 pathway (63). Also, hepcidin may act against invading microorganisms as it 
decreases the extracellular levels of iron, thus limiting the amount of iron available to 
the microorganisms. Due to the characteristic of being induced by IL-6 and STAT3, 
hepcidin may be induced by leptin and, if so, a higher body mass index and obesity 
could lead to the production of hepcidin.

The 40 kDa protein omentin, produced by omental adipose tissue, was previously 
identified as intelectin, a Ca2+-dependent lectin with high affinity for galactofuranosyl 
residues, which are found in pathogens (64). One possible physiological function for 
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omentin is the specific recognition of pathogens and bacterial components, presenting 
a role for omentin in the innate immune response (65). Furthermore, omentin levels are 
modified by inflammation and obesity. In patients with asthma, the levels of omentin 
are increased, although the mechanism leading to this is still unknown (66). The levels 
of omentin are also increased in type I diabetes mellitus (67). Another aspect of omentin 
is that its mRNA levels are differentially expressed in the omental adipose tissue of 
patients suffering from Crohn’s disease, indicating that omentin may be a new factor 
involved in chronic inflammatory diseases and autoimmunity in humans (64).

6.4  IMMUNE FUNCTION IN OBESE MODELS

In genetic animal models, there is data showing that obesity and being overweight 
are associated with alterations in immunocompetence (68), and studies conducted in 
animal models showed that obesity caused impairments in the immune response (68, 
69). In agreement with this data, obese leptin-deficient ob/ob mice show a decrease in 
body temperature, hyperphagia, infertility, and evidence of immune defects such as 
lymphoid organ atrophy, which mainly affects thymic size and cellularity (70). 
Therefore, ob/ob animals present immune disturbances characterized by reduced thy-
mus proportions, lower numbers of lymphocytes and natural killer (NK) cells and lower 
cytotoxic activity (69). Regarding the thymus, although the size is reduced, the percent-
age of double positive and single positive cells is maintained at levels that are compa-
rable to the wild type littermates (71). Hyperlipidemia and hyperglycemia are commonly 
observed and cortisol and ACTH (adrenocorticotropic hormone) may provide clues 
about some of the abnormalities observed in the immune response of ob/ob mice (72). 
Higher systemic levels of cortisol may lead to systemic immunosuppression. This 
immunosuppression may also be a result of the thymus atrophy because, although the 
percentages of the cells are similar, the atrophy results in a lower number of cells that 
differentiate and, as a consequence, the turnover of T lymphocytes may be affected.

Obese strains produce macrophages with lower phagocytic activity and also have 
lower expression levels of proinflammatory-related cytokines (73). Macrophages 
obtained from either ob/ob or db/db mice have shown some difficulties in destroying 
intracellular parasites, such as Candida albicans, as compared to macrophages isolated 
from normal animals, indicating that the adipokine leptin participates in the phagocytic 
process and influences immunocompetence (74). On the other hand, the intraperitoneal 
administration of recombinant leptin into ob/ob animals appears to contribute to the 
improvement of some immune functions (74). Thus, because of the importance of mac-
rophages in the general aspects of inflammation and immunity, alterations in their func-
tions may contribute to obesity-related pathophysiology. Rat models of obesity, which 
lack the leptin receptor, display lymphopenia, with low levels of CD4 and CD8 positive 
T cells in the thymus, spleen, and peripheral blood (68). These animals also showed 
reduced macrophage function. Moreover, the spleen proliferative response to mitogen 
is decreased and is apparently associated with lower glucose uptake mediated by the 
GLUT-1 transporter (75). These observations, from different animal models, indicate 
that these alterations are evolutionarily maintained and the study of such models may 
contribute to understanding the physiology of being overweight and related disorders.
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6.5  IMMUNE FUNCTION IN OBESE INDIVIDUALS

There are few studies analyzing and comparing the immune responses of obese indi-
viduals, and almost all clinical trials analyze a limited number of subjects and immune 
parameters.

About 38% of obese children have an impairment in cell-mediated immune responses, 
exemplified by delayed cutaneous hypersensitivity, abnormal lymphoproliferative 
responses to mitogens, and a reduction in the capacity of polymorphonuclear leukocytes 
to clear intracellular bacterial infections (76). These data may be a result of altered 
macrophage functions, as previously mentioned in animal models, such as ob/ob mice. 
These same findings were also reported in adults suffering from morbid obesity (77). In 
addition, obesity apparently reduces lymphocyte immune function and NK cell activity 
in the elderly. This data shows that aging is an additional risk factor for obese humans, 
in respect to immune functions (78).

Regarding obesity in adult populations, it is observed that being overweight is associ-
ated with elevated lymphocyte and leukocyte subset counts, excluding NK, cytotoxic 
and suppressor T cells (presently called regulatory T cells). Being overweight is also 
associated with lower mitogen proliferation-induced of T and B cell lymphocytes, 
which is accompanied by higher monocyte and granulocyte phagocytosis, as well as 
being associated with oxidative burst activity and normal NK cell functions (79). Also, 
in adults, serum cholesterol, triglycerides, and glucose levels may be associated with 
several aspects of immunity and a positive correlation between body mass index (BMI) 
and total leukocytes has been observed.

Moderate immune stimulation in obese humans might be implicated in the develop-
ment of insulin resistance with a possible role of TNF and melanocortin peptides (80). 
In this regard, type 2 diabetes mellitus is associated with an increase in the main cytokine 
mediator of the acute-phase response, IL-6, which could be a major contributor to the 
biochemical and clinical features of the metabolic syndrome and central obesity (81).

The moderate energy restriction in obese females affects a variety of parameters in 
both the innate and adaptive immune systems. However, weight loss, even though it was 
relatively moderate, was associated with significant decreases in several measurements 
of the functions of T cells, B cells, monocytes, and granulocytes relative to nonobese 
individuals, indicating that mild-to-moderate obesity is associated with alterations in 
immune function. Therefore, weight loss, even at a moderate rate, is related to a 
decrease in certain aspects of the function of the immune system (82). Lower numbers 
of NK cells and immunoglobulins were observed in overweight women following a 
restricted diet, and women who were on a restricted diet combined with a supervised 
program of aerobic activity were able to alleviate the apparent decrease in NK cell 
cytotoxicity as well as other distortions associated with weight loss, for example, the 
reduction of CD2 positive expressing IL-2Ra cells (83). Moreover, surgically-induced 
weight reduction leads to a decrease in IL-13, a Th2 cytokine and TNF, which could be 
one of the factors leading to altered immune function (84). Thus, the nutritional treat-
ment of obesity by calorie restriction, surgery and physical activities may affect some 
of the altered immune functions observed in obese individuals, thereby improving the 
immune system and its capacity to control immune-related diseases such as diabetes, 
autoimmune diseases, and infections.
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Weight reduction, as mentioned, may restore some of the physiological functions of 
the immune system. The safety of acute weight loss on immune functions, for example, 
was investigated by a supervised program involving 7–24 weeks with a very low calorie 
diet, during which the numbers of peripheral leukocytes did not change significantly, 
although a decrease in IgM serum levels during the program was observed (85). 
Therefore, diet programs, even with very low calorie levels, appear to be suitable for 
preoperative weight reduction in morbid obesity without seeming to alter the immune 
functions during this period.

Remarkably, acute nutritional deprivation frequently occurs in individuals suffering 
from obesity, thus affecting their immunocompetence (86). The bactericidal activity of 
blood monocytes and the cytolytic activity of NK cells were enhanced by fasting. 
Starvation also enhanced humoral immunity, as observed by an elevation in the serum 
concentrations of IgG, IgA, and IgM. The lymphocyte mitogen-induced proliferative 
responses modestly decreased, while the blood leukocytes did not appear to be signifi-
cantly affected. Thus, fasting displays a variety of influences on immune functions 
rather than a patterned deleterious effect. These alterations in nutritional status appear 
to be potentially important, as they can actually enhance the functions of certain effec-
tors of the host defense system in obese individuals, thereby improving the immune 
response.

Some studies have observed a lower production of antibodies after hepatitis B vac-
cination in obese patients (87). Moreover, the incidence and severity of infectious dis-
eases was higher in obese patients than in lean individuals. Therefore, bacteremia and 
clinical sepsis occurred more often with obese individuals than with nonobese individu-
als, and antibiotic therapy was required for twice as many days for obese individuals 
(88). These are examples of some of the immune alterations observed in obese 
individuals.

6.6  ROLE OF ADIPOKINES IN CANCER

Recent international cancer prevention guidelines recommend weight loss for the 
purpose of reducing the risk of cancer. However, limited research is available relating 
weight loss to subsequent cancer incidence, mostly due to the difficulty of achieving 
long-term weight loss maintenance among large groups of patients (89). There are sev-
eral reports linking adipokines, obesity and cancer occurrence. As there are multiple 
types of tumors, we chose to use breast cancer as an example of how these factors may 
be related.

Among several cancers, obesity is a strong risk factor for breast cancer in postmeno-
pausal women and an adverse prognostic indicator regardless of menopausal status. 
Preexisting obesity and postoperative weight gain are associated with a poor prognosis 
in breast cancer, regardless of menopausal status. The relationship between adiposity 
and estrogen receptor-negative tumors that display a propensity for distant metastasis is 
of biological significance, especially in younger women. Insulin and some adipokines 
also stimulate breast cancer growth and metastasis, directly and possibly indirectly by 
augmenting angiogenesis. Thus, clinical methods for weight control are extremely 
important, not only for breast cancer occurrence and progression, but also for decreas-
ing the nonbreast cancer mortality risk associated with excess adiposity (90). Also, in a 
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population-based study consisting mostly of European-American women, leptin poly-
morphisms were characterized as a risk factor for the development of breast cancer, 
with the associations being stronger in obese postmenopausal women (91). Therefore, 
a common variant of the leptin gene may be associated with the risk of developing 
breast cancer and may be involved in breast carcinogenesis. As mentioned, obesity is a 
risk factor for breast cancer development. A recent hypothesis suggests that the adipok-
ines adiponectin and leptin may be involved in this process. Regarding this hypothesis, 
an interaction exists between leptin and adiponectin signaling pathways in cancer cells 
in which proliferation is stimulated by leptin and suppressed by adiponectin (92). This 
shows that on the one hand, leptin stimulates tumorigenesis and angiogenesis, while 
adiponectin might act as a negative regulator of this process.

6.7  ADIPOKINES AND IMMUNE-MEDIATED DISEASES

Over the past several years, a number of molecules known to play a role in metabo-
lism have also been shown to have an important role in immune response regulation. 
Regarding this, the adipocyte hormone leptin regulates the immune response in normal 
and pathological conditions. More specifically, conditions of reduced leptin production, 
such as a genetic leptin deficiency, nervous anorexia, and malnutrition, are associated 
with increased susceptibility to infections. On the other hand, immune-mediated disor-
ders such as autoimmune diseases are associated with increased leptin levels and the 
production of proinflammatory cytokines. Therefore, it could be argued that leptin rep-
resents the “missing link” between the immune responses, metabolic function, and 
nutritional status. In agreement with this idea, ob/ob mice, which do not produce leptin, 
were recently shown to be resistant to a series of experimentally induced autoimmune 
disorders, including EAE, an animal model of multiple sclerosis (93). Wild-type mice 
have increased secretion of leptin in serum during EAE induction and their brain 
inflammatory infiltrates stained positive for leptin. Lastly, leptin neutralization improves 
EAE, altering the intracellular signaling of auto-reactive T cells and increasing the 
number of Foxp3 positive T cells, thus leading to the idea that leptin could be consid-
ered a link between immune tolerance, metabolic state, and autoimmunity (94). The 
influence of leptin on autoimmunity and EAE susceptibility, which is induced by immu-
nization with a myelin-derived peptide, demonstrates that a switch from a Th2 to a Th1 
pattern of cytokine release could be deleterious and may increase the development of 
EAE. Thus, leptin is most likely required for the induction and maintenance of an effec-
tive pro-inflammatory immune response in the CNS (93). Moreover, as leptin promotes 
a switch toward a Th1 phenotype, its absence, as observed in ob/ob animals, could 
reverse this polarization and support an increase in Th2 immune responses, a mecha-
nism that could aid in making these animals resistant to the induction of EAE.

Type 1 diabetes, which usually develops as an autoimmune disease, is increasing in 
incidence worldwide. The adipocyte hormone leptin may be involved in this process by 
promoting the polarization of a Th1 immune response in individuals at risk for the 
development of diabetes. Although leptin has been studied in animal models of autoim-
mune diseases, in humans, the data is not as clear. For example, elevated leptin levels 
do not appear to be a major determinant of whether an individual develops autoimmu-
nity. If a high body mass index and elevated leptin levels are risk factors for the  initiation 
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and/or progression of autoimmunity, they may act more as moderate factors in this proc-
ess, probably acting to a certain degree in individuals that possess some kind of genetic 
predisposition (95).

As regards the studies of spontaneous autoimmunity, a role for leptin in nonobese 
diabetic (NOD) mice, an animal model for the study of human insulin-dependent dia-
betes mellitus (type 1 diabetes), demonstrates that the expression of serum leptin 
increased soon before the onset of hyperglycemia and diabetes in susceptible females. 
The intraperitoneal administration of leptin accelerates autoimmunity and the destruc-
tion of beta cells, promoting an increase in the IFN-g production of peripheral T-cells. 
Thus, leptin can favor proinflammatory cellular responses and directly influence the 
development of autoimmune diseases that are mediated by Th1 responses (96). Unlike 
what is observed in humans, leptin appears to have an important role in development in 
animal models. As mentioned, due to the differences in HLA antigens and the distinct 
immune experiences of humans during their lives, it is most likely that in humans, as is 
observed in animal models, leptin functions during the course of autoimmune diseases, 
at least in susceptible individuals.

6.8  OBESITY, ADIPOKINES, AND KIDNEY DISEASES

Most forms of glomerulonephritis are immune-mediated. Accelerated nephrotoxic 
nephritis is a model of immune complex glomerulonephritis, in which an immune 
response is raised against foreign antiglomerular basement membrane antibodies depos-
ited in the glomerulus. This leads to proliferative glomerulnephritis, characterized by 
albuminuria, leukocyte infiltration, glomerular capillary thrombosis, glomerular cres-
cent formation, and renal impairment. CD4+ T cell responses, especially Th1 responses, 
are important in mediating diseases in these situations (97, 98). Leukocytes, particularly 
macrophages, are involved in the effector phase of nephrotoxic nephritis (99, 100). 
Thus, as mentioned before, due to the action of leptin on leukocytes and macrophages, 
this adipokine appears to participate in the pathophysiology of several glomerulonephri-
tis diseases.

Leptin is required for the induction and maintenance of immune-mediated glomeru-
lonephritis, and blocking leptin appears to provide an attractive therapeutic possibility. 
Leptin-deficient mice are strongly protected from histological renal injury and albu-
minuria during accelerated nephrotoxic nephritis. Leptin-deficient mice present defects 
in humoral immunity and probably have additional defects in the innate immune 
response (101).

Focal and segmental glomerulosclerosis that leads to nephritic syndrome may be 
found in patients who are morbidly obese. Whether chronic stimulation of the glomeru-
lar cells by leptin contributes to glomerular remodeling and what mechanism could 
participate in this process are important questions. It appears that glomerular endothe-
lial cells express Ob-R. The treatment of endothelial cells with leptin induces TGF-b 
synthesis. Although TGF-b is considered to be a suppressive immune growth factor, it 
also participates in tissue remodeling and fibrosis, which can lead to a loss of kidney 
function, a factor that may be found in chronic kidney diseases such as glomerulone-
phritis. Leptin stimulates glomerular endothelial cell proliferation in vitro and in vivo 
and leptin administration in rats causes proteinuria and glomerula mesangial matrix 
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expansion. A link between the hormonal system controlling body fat stores and glomer-
ular size and matrix content appears to exist and implicates leptin as a causal factor for 
segmental glomerulosclerosis (102).

Obesity is an important cause of renal dysfunction. One of the clinical features of 
obese individuals, without systemic disorders but with apparent renal disorders, called 
obesity-related glomerulopathy, is slow progressive proteinuria. Several structural 
changes, such as glomerulomegaly, focal segmental glomerulosclerosis and damage to 
the glomerular basement membrane can be seen in biopsy sections of the kidney 
(103–105).

Obesity may increase kidney dysfunction in patients with glomerulonephritis by IgA-
mediated nephropathy and, in fact, individuals suffering from IgA nephropathy have 
more severe forms of the disease and proteinuria (106). In addition to the information 
mentioned above about TGF-b, this growth factor may also promote a switch toward the 
secretion of IgA by B cells, a process that is likely to occur in the presence of high levels 
of leptin, such as in obesity, linking these three factors. Obesity worsens urine protein 
levels and glomerular damage in individuals suffering from several nephropathies, such 
as those mediated by IgA, basement membrane disease, and benign nephrosclerosis. 
Additionally, hypertension, a common feature of obesity-related alterations, is an impor-
tant factor that precipitates kidney diseases in obesity-related nephropathies (107). Thus, 
obesity worsens chronic kidney diseases, leading to proteinuria and renal structural 
changes, and it promotes the progression of chronic renal diseases.

End-stage renal disease is a well-known trigger of cardiovascular complications 
because endothelial dysfunction and atherosclerosis are, for unknown reasons, common 
in this condition. Adiponectin and leptin are inversely related to the glomerular filtration 
rate (108, 109). Furthermore, it has also been shown that adiponectin and leptin are 
markedly increased in patients with end-stage renal disease (109). Nephrotic syndrome 
is a high-risk situation because, in spite of renal function, abundant urinary protein loss 
triggers hypoalbuminemia, hyperfibrinogenemia and hypercholesterolemia. Plasma 
adiponectin is apparently much higher in patients with nephrotic syndrome than in 
patients with mild or moderate proteinuria. Increased levels of adiponectin during heavy 
proteinuria is a counter-regulatory response aimed at attenuating the atherosclerotic 
effect of the biochemical alterations that are associated with this condition (110).

All of these kidney diseases have one thing in common: upon the loss of kidney func-
tion, the treatment of choice is hemodialysis and/or transplantation. In respect to kidney 
and other organ transplants, obesity and adipokines may interfere with both the graft 
and the patient’s survival, linking metabolic regulation and the immune responses.

6.9  THE ROLE OF ADIPOKINES IN TRANSPLANT  
TOLERANCE AND REJECTION

In the context of organ transplants, there is limited information about the influence 
of adipose tissue-derived products on graft evolution. In transplants, the balance 
between Th1 and Th2 cells has an important role in the graft outcome, for both toler-
ance and rejection. The Th2 cells are described as having a protecting effect in relation 
to graft rejection responses, participating in the process of graft homeostasis (111–113). 
The Th1 cells, on the other hand, have a deleterious effect on graft survival, regulating 
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the inflammatory response to the graft, leading to the occurrence of both acute and 
chronic rejection. The physiological role of leptin and the observation that a lack of 
leptin favors the development of Th2 responses indicates that this adipokine could dis-
play an important role in organ transplants. Thus, obese individuals who possess ele-
vated levels of serum leptin may be more susceptible to the occurrence of rejection as 
compared to normal individuals, as leptin favors the polarization toward Th1 responses. 
However, although this hypothesis can be supported, there is limited data describing 
whether the levels of leptin in the serum are correlated with a higher incidence of 
rejection.

Apparently, obesity itself is not associated with worse kidney transplant outcomes, 
although it appears to be associated with factors that lead to worse graft outcomes and 
patient survival. Being underweight is associated with late graft failure, mainly due to 
chronic allograft nephropathy (114). Moreover, fat mass correlated positively with 
C-reactive protein, suggesting that obesity may increase the risk of cardiovascular dis-
ease and chronic allograft rejection in kidney-transplant patients (115).

The graft function in normal-weight recipients is apparently better than that of obese 
individuals, as normal grafted individuals live longer than obese transplanted individu-
als. Graft survival is significantly inferior among obese and extremely obese patients, 
and average graft survival is higher in recipients with a normal body mass index than 
for overweight, obese, and extremely obese individuals. Thus, an increased body mass 
index is associated with inferior patient and graft survival (116). By analyzing graft and 
patient survival rates, the body mass index may be considered a risk factor and the treat-
ment of obesity is of great importance in minimizing the side effects of organ 
transplants.

Additionally, endothelial dysfunction is strongly linked to cardiovascular disease and 
the outcome of patients with chronic kidney disease. It appears that increased inflam-
matory responses and increased adiponectin levels following transplants could be a 
mechanism for better endothelial health, as previously mentioned. However, concerning 
this aspect, endothelial function improved during the first month after the transplant, 
and the degree of improvement is associated with reductions in circulating levels of 
visfatin and adiponectin, two recently described adipokines (117). Thus, the levels of 
circulating adipokines, such as visfatin, adiponectin and leptin, among others, may 
influence a series of immune responses and disorders and may be of considerable 
importance in the response to grafted organs. Moreover, at least in relation to graft out-
come, adiponectin appears to have a deleterious effect, although it improves endothelial 
function.

Another type of transplant, stem cell transplant, was also revealed to be modulated 
by adipokines, albeit to a lesser degree. Enhanced endothelial cell loss and diminished 
functions of endothelial stem cell progenitors in diabetic subjects are well-known phe-
nomena. Bone marrow stem cell transplants that include mesenchymal cells may restore 
insulin sensitivity and glucose tolerance. In view of this, combined with the induction 
of HO-1 in the recipient, stem cell transplants appear to improve bone marrow function. 
HO-1 stimulation enhanced the ability of bone marrow stem cells to prevent diabetes. 
Thus, transplanting bone marrow stem cells and mesenchymal stem cells together with 
the induction of HO-1 can eradicate type 2 diabetes, and the beneficial effect of HO-1 
leads to the hypothesis that the abnormality in endothelial progenitor cells is due to a 
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mesenchymal stem cell-stromal cell disorder, which is exacerbated by oxidative stress 
and decreased by adiponectin (118).

In the area of heart transplants, adiponectin appears to participate in impairing meta-
bolic syndrome because renal failure is frequent among these patients. In contrast with 
the high frequency of metabolic syndrome in heart transplant patients, adiponectin lev-
els were usually in the normal or high range, probably as a consequence of renal failure. 
Therefore, adiponectin is not a major determinant of insulin resistance among these 
patients (119). Among patients without chronic kidney disease, resistin, an adipokine, 
has been related to inflammatory markers, coronary artery disease and cardiovascular 
disease in metabolic syndrome. Moreover, resistin upregulates adhesion molecules. 
Because inflammation and endothelial cell damage or injury are invariably associated 
with thrombosis, atherosclerosis, and their major clinical consequences, resistin may 
play a role in linking inflammation and chronic disease. Moreover, triglycerides, creati-
nine, IL-6, TNF, vWF, prothrombin fragments 1  +  2, and resistin are elevated among 
kidney transplant recipients. Kidney allograft recipients with coronary artery disease 
displayed resistin levels that were elevated as compared to individuals without this 
complication. The resistin levels in kidney allograft recipients appear to be related to 
IL-6, thrombomodulin, red blood cell counts, white blood cell counts, platelet counts, 
creatinine, urea, and VCAM. Moreover, resistin is only independently related to creati-
nine and white blood cell counts in kidney allograft recipients. Therefore, the relation 
between elevated resistin levels to markers of inflammation may represent a link 
between these conditions and adipokines and, importantly, renal function was a major 
determinant of elevated resistin levels in kidney allograft recipients (120).

Leptin, which is primarily produced by adipocytes, has its receptors expressed in a 
variety of tissues, including the heart. Higher plasma leptin levels foretell acute myo-
cardial infarction and it has been shown to be an acute phase reactant and a risk factor 
for coronary heart disease. An important question is whether or not a relationship exists 
between serum leptin levels and the grade of acute cellular rejection. In this regard, 
there is a positive correlation between serum leptin concentrations and body mass index, 
diastolic blood pressure, total cholesterol, and low-density lipoprotein levels. Therefore, 
elevated leptin levels in heart transplant patients may be related to the results of steroid 
therapy (121).

These transplant studies have a major implication. As leptin and other adipokines 
have an important metabolic function, any alteration in these adipokines might result in 
systemic pathophysiological modifications. Thus, it is difficult to conclude whether the 
effect of an adipokine is secondary to the metabolic alteration presented or primary, 
acting directly to modulate the immune system or the graft function. Thus, it is feasible 
to understand why almost all of the studies on transplant patients also include some 
alteration of metabolic aspects, such as metabolic syndrome or insulin resistance.

Insulin resistance and anthropometrical parameters of serum leptin levels after renal 
transplant demonstrated that circulating leptin levels dramatically decreased immedi-
ately after the transplant was performed and significantly correlated with serum insulin 
levels. An increase in serum leptin levels 6 months after the transplant is probably due 
to an increase in fat mass, insulin resistance, and steroid use in the renal transplant 
recipients (122). This reinforces what was mentioned before, that the effect of leptin 
may be secondary to the metabolic changes in the individual studied.
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As mentioned earlier, weight reduction appears to have a beneficial effect on graft 
and recipient survival. In addition, in order to prevent graft loss and rejection, a large 
variety of immunosuppression agents are used by the clinics. One of these agents is 
rapamycin, an immunosuppressive drug used extensively to prevent graft rejection in 
transplant patients and to inhibit adipogenesis in vitro. This drug appears to display 
important antiobesity effects in mice on a high-fat diet. Rapamycin-treated animals 
display reduced body weight and epididymal fat pads/body weight, reduced daily food 
efficiency and lower levels of leptin and insulin in the serum. However, rapamycin-
treated mice are hyperphagic, demonstrating an increase in food intake, and the dissec-
tion of rapamycin-treated mice revealed a marked reduction in fatty liver scores, average 
fat cell size and percentage of large retroperitoneal adipocytes and epididymal white 
adipose tissue (123). Therefore, rapamycin may prevent the effects of a high-fat diet on 
the rate of increase in body weight via reducing lipid accumulation, despite greater food 
intake, and makes it likely that rapamycin might serve as a potential therapy for body 
weight control and/or antiobesity therapy in transplant patients.

6.10  CONCLUSIONS AND PERSPECTIVES

Obesity and adipokines display a variety of immune and physiologic functions. They 
link the immune system to the neuroendocrine system and, as a consequence, the 
cytokines produced mainly by adipose tissue participate in several immune responses, 
such as autoimmunity, antitumor responses, transplants, infectious diseases, and many 
others. By doing so, understanding and modulating these adipose hormones may have 
a great impact on the treatment of several immune- and metabolic-related diseases.
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7 Obesity and Immune Functions

Qingde Zhou and Salomon Amar

Key Points

The chapter reviews the literature pertaining to the role of obesity in modulating •	
immune function.
Obesity is found in both genetic and diet-induced obese animal models as well as in •	
obese humans to impair immune response; both innate and acquired immune func-
tions are affected.
The immune dysfunction during obesity increases host susceptibility to infections •	
and to chronic inflammatory diseases.

Key Words: Adipokines, adipose tissue, immune-related diseases, immunity.

7.1  INTRODUCTION

Obesity is a medical condition in which excess body fat has accumulated to the extent 
that it may have an adverse affect on health. The US National Institutes of Health and the 
WHO use body mass index (BMI), which compares weight and height, to define a person 
as overweight when his or her BMI is between 25 and 30 kg/m2, and as obese when it is 
greater than 30 kg/m2 (1). Obesity has become a global problem affecting over one billion 
adults and 17.6 million children under 5 years of age (2, 3). Since 1980, a threefold 
increase in obesity has been reported in much of the world, and more than 65% of the US 
population is categorized as either overweight or obese (3). Given the increasing trends of 
obesity in younger ages, a large group of the individuals will carry and express obesity-
related health risks for a longer period of their lifespan. How this growing number of the 
adult obese population will age may have significant health and social implications.

Obesity represents a pathological state of energy imbalance accompanied by exces-
sive fat deposition. Energy balance depends upon energy intake and expenditure. Three 
components controlling energy balance are (1) food intake, (2) fuel utilization and ther-
mogenesis, and (3) adipocyte metabolism. Factors influencing these components 
include neuroendocrine factors, metabolic disturbances, genetic traits, and  psychological 
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influences, as well as lifestyle habits such as excessive calorie intake or reduced physi-
cal activity. Among these, excessive calorie intake and reduced physical activity leading 
to diet induced obesity (DIO) are predominant and preventable and thus attract signifi-
cant attention from the public.

Obesity has been linked with a wide variety of health problems, including hyperten-
sion, dyslipidemia, atherosclerosis, diabetes, nonalcoholic fatty liver disease, periodon-
tal disease, certain cancers, and asthma (4–7). The extent to which obesity affects 
immune health is a topic of increasing interest to researchers. For example, clinical and 
epidemiological evidence indicates that the incidence and severity of specific types of 
infectious illness are higher in obese people compared with lean people: obesity has 
been identified as the risk factor for infection and poor wound healing after surgical 
procedures (8, 9), and overweight patients with burns have been shown to be at greater 
risk for infection and bacteremia than their nonobese counterparts (10). Obesity has also 
been associated with a poor antibody response to vaccine (11) and with an impaired 
innate immune response to infections (12–14). In addition to this indirect evidence of 
reduced immunocompetence among obese individuals, recent research has established 
the molecular basis for the impaired immune functioning in obese animals. Obesity is 
now seen as resulting in a dysregulation of the immune response to various infections, 
leading to attenuated host anti-infection capability (12, 14).

7.2  ADIPOSE TISSUE AND IMMUNE CELL INTERACTIONS

White adipose tissue (WAT) functions not only as an energy store, but also as an 
important endocrine organ capable of secreting a number of adipokines, including leptin, 
adiponectin, visfatin, apelin, vaspin, omentin, resistin, and hepcidin, and is involved in 
the regulation of many pathological processes. Many of the receptors for these adipok-
ines are expressed on immune cells (15–18), providing a route of direct impact on 
immune cell function from the expansion of adipose tissue and adipose-derived products. 
The interactions between adipose tissue and the immune system can occur by two differ-
ent mechanisms: (1) direct effects of adipokines and cytokines in circulation via specific 
receptor binding on adipocytes and leukocytes and (2) cell–cell interactions within adi-
pose and lymphoid tissue microenvironments of bone marrow, thymus, and spleen.

7.2.1  Adipokine-Mediated Interactions
The role of adipose tissue in immunity has been elucidated by a number of cytokine-

like hormones produced by adipocytes – called adipokines. Currently, the most relevant 
adipokines are thought to be leptin, adiponectin, resistin, and visfatin, all of which have 
marked effects on metabolic and immune function.

Leptin is a 16 kDa nonglycosylated peptide hormone encoded by the gene LEP (19); 
the murine homolog is called obese (ob). Leptin is mainly secreted by adipocytes, and 
circulating leptin levels are directly correlated with WAT mass. Leptin decreases food 
intake and increases energy consumption by inducing anorexigenic factors. Leptin sus-
tains Th1 immunity by promoting effector T cell proliferation and by constraining regu-
latory T cell expansion. Leptin has different effects on proliferation and cytokine 
production by human naive (CD45RA+) and memory (CD45RO+) CD4+ T cells. While 
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promoting proliferation and IL-2 secretion by naive T cells, leptin minimally affects the 
proliferation of memory cells. Leptin deficiency in ob/ob mice or during acute starva-
tion causes increased apoptosis of CD4+CD8+ T cells in the cortex of the thymus, lead-
ing to reduced delayed-type hypersensitivity (DTH) responses and thymic atrophy (20). 
In innate immunity, leptin promotes activation of and phagocytosis by monocytes/mac-
rophages and their secretion of leukotriene B4 (LTB4), cyclooxygenase 2 (COX2) 
metabolites, NO, and proinflammatory cytokines (21). The products of the inducible 
form of COX2 and NO are involved in the regulation of inflammation, chemotaxis, and 
cytokine production, and therefore markedly impact the inflammatory immune response, 
which may provide a common pathogenetic mechanism that contributes to several of 
the major complications of obesity (22). Moreover, leptin can induce chemotaxis of 
neutrophils and the release of oxygen radicals (22). These mediators can be particularly 
harmful to cells, as they can denature proteins and damage membrane lipids, carbohy-
drates, and nucleic acids. NK cell development and activation are also affected in leptin 
receptor deficient (db/db) mice (23). Moreover, lymphocytes express receptor for 
growth hormone (GH) and also produce GH, which is apparently similar to its pituitary 
counterpart (24–26). GH increases the migration of fresh and activated lymphocytes and 
augments T cell adhesion via b1 and b2 integrins (27). Leptin has been reported to 
stimulate the production of GH in German Landrace gilts by peripheral blood mononu-
clear cells through protein kinase C- and NO-dependent pathways (28). This effect of 
leptin on GH production might be important in immune homeostasis.

Adiponectin is a 244-residue protein that is produced largely by WAT. It has struc-
tural homology with collagens VIII and X and complement factor C1q, and circulates 
in the blood in relatively large amounts in different molecular forms (29). It increases 
fatty acid oxidation and reduces the synthesis of glucose in the liver. Adiponectin has a 
wide range of effects in pathologies with immune and inflammatory components. It 
interferes with macrophage function by inhibiting phagocytic activity and IL-6 and TNF 
production. This anti-inflammatory action of adiponectin is exerted on monocytes/mac-
rophages by inducing IRAK-M expression via adiponectin receptors 1 and 2 (30). In 
addition, it reduces B-cell lymphopoiesis, decreases effector T-cell response, and 
induces the production of important anti-inflammatory factors, such as IL-10 and 
IL-1RA, by human monocytes, macrophages, and dendritic cells (DC) (31).

Resistin is a dimeric protein that received its name from its apparent induction of 
insulin resistance in mice. It belongs to a gene family FIZZ (Found in inflammatory 
zone) and has been found in adipocytes, macrophages, and other cell types (32). Resistin 
is engaged in inflammatory conditions in humans due to its secretion in substantial quan-
tities by mononuclear cells. Also, resistin levels are mutually correlated with those of cell 
adhesion molecules such as ICAM1 in patients with obstructive sleep apnea, and in 
atherosclerotic patients resistin levels are positively associated with other markers of 
inflammation, such as soluble TNFR type II and lipoprotein-associated phospholipase 
A2 (33). In addition, LPS has been reported to induce resistin gene expression in primary 
human and murine macrophages via a cascade involving the secretion of proinflamma-
tory cytokines, and in human peripheral blood mononuclear cells resistin seems both to 
induce IL-6 and TNF via the NFkB pathway, and be induced by IL-6 and TNF (34).

Visfatin secreted by visceral fat is an insulin-mimetic adipokine (35). Circulating 
visfatin levels are closely correlated with WAT accumulation, visfatin mRNA levels 
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increase in the course of adipocyte differentiation, and visfatin synthesis is regulated by 
several factors, including glucocorticoids, TNF, IL-6, and growth hormone. However, 
visfatin was originally discovered in liver, skeletal muscle and bone marrow as a growth 
factor for B lymphocyte precursors. Visfatin is not only produced by WAT, but also by 
endotoxin-challenged neutrophils, in which it prevents apoptosis through a mechanism 
mediated by caspases 3 and 8 (36). Also, circulating visfatin levels are elevated in 
patients with inflammatory bowel diseases and visfatin mRNA expression levels are 
increased in their intestinal epithelium. Visfatin has been shown to induce chemotaxis 
and the production of IL-1b, TNF, IL-6, and costimulatory molecules by CD14+ mono-
cytes, and to increase their ability to induce alloproliferative responses in lymphocytes, 
effects which are mediated intracellularly by p38 and MEK1 (37).

7.2.2  Cell–Cell Interactions
The interaction between adipose tissue and the immune system is not only mediated by 

adipokines and cytokines via specific receptor binding on adipocytes and leukocytes, but 
also occurs through direct cell–cell contact within the specific tissue microenvironments 
of bone marrow, thymus, lymph nodes, and adipose tissue. Dense aggregations of lym-
phoid tissue, including lymph nodes, omentum, thymus and bone marrow, are anatomi-
cally associated with adipose tissue. The majority of smaller adipose depots enclose one 
or more lymph nodes, or less structured lymphoid tissues, including omental “milky 
spots.” The close anatomic relationship between adipose tissue and lymph tissue provides 
an apparent venue for direct or paracrine interactions. Adipocytes, which both produce 
molecules containing various fatty acids derived from lipolysis and also release lipids 
directly, can fuel the adjacent lymphoid cells in response to local immune stimuli (38). 
The communication between adipocytes and lymphoid cells is bidirectional: lymph tissue-
derived DC can suppress lipolysis in perinodal adipocytes, but those that permeate adipose 
tissue stimulate lipolysis, especially after minor, local immune stimulation (38).

7.2.2.1  Adipose Resident Immune Cells

Immune cells found in adipose tissues include macrophages, CD4 and CD8 T cells 
and multipotent mesenchymal stem cells. Among these, macrophages are the immune 
cells best studied in the adipose tissue microenvironment. Adipose tissue macrophages 
exist in a lipid-rich environment and fatty acids can broadly activate the macrophage 
inflammatory program through the pattern recognition receptors TLR2 and TLR4 (13, 
39, 40). Adipose tissue macrophages were found to be responsible for the majority of 
TNF expression in adipose tissue and to contribute significantly to the inflammatory 
state of obese individuals. However, the high level of fatty acids in obesity can suppress 
bone marrow macrophage immune response when obese individuals are infected with 
bacteria or viruses (12, 14). The mechanism by which fatty acids inhibit macrophage 
immune responses involves induction by fatty acids of carboxy-terminal modulator 
protein (CTMP), which suppresses Akt phosphorylation and subsequently leads to the 
inhibition of NFkB activation and finally results in attenuated NO production and 
cytokine secretion (13).

Adipose tissue macrophages display heterogeneous inflammatory behavior, such that 
discrete cellular populations can be identified. Macrophages recruited to adipose tissue 
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during the induction of obesity with a high fat diet (HFD) are proinflammatory, as indi-
cated by increased expression of cytokines (e.g., TNF) and inflammatory pathway 
genes, and are classified as M1 macrophages. In contrast, the macrophages resident in 
adipose tissue before HFD feeding are anti-inflammatory in nature (41) and are classi-
fied as M2 macrophages. M1 macrophages are induced by proinflammatory factors and 
display increased inflammatory gene expression, with enhanced reactivity to fatty acids 
and LPS (42). In obesity, the major component of the increased adipose tissue macro-
phage content is composed of proinflammatory macrophages that are triple positive for 
the surface markers F4/80, CD11b, and CD11c (39). Accordingly, because of their 
proinflammatory properties, these macrophages are implicated in the pathogenesis of 
insulin resistance. M2 macrophages display low levels of inflammatory gene expres-
sion, secrete high levels of anti-inflammatory factors, such as IL-10 and IL-4, and are 
poorly activated by fatty acids and LPS (42). Similar to M1 macrophages, they are posi-
tive for F4/80 and CD11b, but they are negative for CD11c (39). Importantly, the 
PPAR-g nuclear receptor appears to be required for the maturation of M2 macrophages: 
treatment with PPARg ligands (e.g., thiazolidinediones) polarizes macrophages toward 
the M2 state, thus providing a potential mechanism by which activation of macrophage 
PPARg reduces inflammation and enhances insulin sensitivity (43, 44).

Recent studies also suggest that obesity leads to increased T cell infiltration in adipose 
tissue as CD4 and CD8 cells are increased in adipose tissue from obese mice (45). Since 
activation of T cells in the absence of costimulatory signals leads to generation of immune 
suppressive CD4+CD25+ T regulatory (Treg) cells (46), the local activation of immunity 
in adipose tissue would theoretically be associated with reduced costimulatory molecule 
expression by the M2 macrophages, which may predispose to Treg generation. Conversely, 
it is known that Tregs are involved in maintaining macrophages in the M2 phenotype (47). 
Supporting the possibility of Treg in adipose tissue also comes from the high concentra-
tion of local mesenchymal stem cells (MSC) which are known to secrete TGF-beta and 
IL-10, both involved in Treg generation (48). Indeed, studies have demonstrated the ability 
of MSC to induce Treg cells; a threefold increase in the CD4+CD25+ Treg cells were 
found in adipose tissue as compared to lymph node and spleen tissues (49). Functionally, 
Treg cells are capable of suppressing immune responses from other immune cells.

The mononuclear fraction of adipose tissue, referred to as the stromal vascular frac-
tion (SVF), was originally described as a mitotically active source of adipocyte precur-
sors (50). The SVF contains large numbers of MSC-like cells that could be induced to 
differentiate into adipogenic, chondrogenic, myogenic, and osteogenic lineages (51) 
and the notion of “adipose-derived stem cells” was then widely recognized. The SVF 
derived cells have surface marker expression similar to bone marrow derived MSC, 
comprising cells positive for CD29, CD44, CD71, CD90, CD105/SH2, and SH3 and 
lacking CD31, CD34, and CD45 expression (52). The CD31 negative cells exhibit mes-
enchymal properties and can be expanded in vitro, whereas the CD31 positive cells 
possess endothelial-like properties with poor in vitro expansion capacity (53).

7.2.2.2  Bone Marrow Adipocytes

Adipocytes are constituents of the bone marrow stromal cell microenvironment, but 
their exact origin and functional relevance remain unknown. Adipocytes in the bone mar-
row play four potential roles: (1) Adipocytes act as “filler” cells serving to occupy excess 
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space in marrow cavity; (2) Adipocytes play a role in regulating systemic lipid metabo-
lism and energy storage; (3) Adipocytes are a reservoir and a local source of the energy 
required for hematopoiesis; and (4) Adipocytes may be required as “support” cells 
required for maturation of hematopoietic lineages and regulation of osteogenesis (54).

With increasing age, the bone marrow is progressively replaced with adipocytes with 
a concomitant reduction in osteoblasts and increased osteoporosis. Increased numbers 
of bone marrow adipocytes with aging are correlated with a reduction in pre-B-cell 
number, decreased B-cell generation, and immunoglobin diversity (45). Reciprocal 
bone marrow chimera experiments revealed that the production rates of pre-B cells are 
controlled primarily by bone marrow microenvironmental factors, rather than intrinsic 
events (45). The bone marrow adipocytes may arise from preferential skewing of 
multipotent marrow mesenchymal stem cells toward the generation of adipocytes rather 
than osteoblasts or stromal cells. Bone marrow adipogenesis may impair erythropoiesis, 
resulting in certain forms of anemia. Considering that adipocytes are the predominant 
cell type in an aging bone marrow microenvironment, the cellular interactions critical 
for the development of hematopoietic cells may be compromised with aging.

Non-aged adult bone marrow also contains adipocytes, the number of which corre-
lates inversely with the hematopoietic activity of the marrow. Fatty infiltration of hemat-
opoietic red marrow follows irradiation or chemotherapy and is a diagnostic feature in 
biopsies from patients with marrow aplasia. A recent study shows that hematopoietic 
stem cells and short-term progenitors are reduced in frequency in the adipocyte-rich 
vertebrae of the mouse tail relative to the adipocyte-free vertebrae of the thorax. In 
lipoatrophic A-ZIP/F1 “fatless” mice, which are genetically incapable of forming adi-
pocytes, and in mice treated with the PPARg inhibitor bisphenol A diglycidyl ether, 
which inhibits adipogenesis, marrow engraftment after irradiation is accelerated relative 
to wild type or untreated mice. These data implicate adipocytes as predominantly nega-
tive regulators in the bone-marrow microenvironment, and indicate that antagonizing 
marrow adipogenesis may enhance hematopoietic recovery in clinical bone-marrow 
transplantation (55).

7.2.2.3  Thymic Adipocytes

One of the most dramatic immune changes with aging is found in the thymic environ-
ment, which undergoes a progressive increase in adipocytes in the thymic parenchyma, 
septa, cortex, and medulla with the loss of epithelial and T lymphopoietic thymic zones 
into adipose tissue (56). The thymus is the only organ whose loss of function with increas-
ing age is related to almost complete replacement of its microenvironment with adipose 
tissue. In contrast to a young thymus, where a large number of thymocytes are the major 
contributors to the thymic environment, the situation is reversed in aging, where the adi-
pocytes constitute the bulk of the thymic space, thus altering the thymic milieu.

In obese animals, the thymi present a considerably different distribution of thymo-
cyte subpopulations compared to lean mice. The absolute number of thymocytes are 
reduced by about tenfold, which is accompanied by a relative increase in CD4−CD8− 
and CD4+CD8− cells and by a relative decrease in CD4+CD8+, resulting in a decreased 
ratio of CD4+CD8+/CD4−CD8− cells (57). Moreover, when exposed to a nonspecific 
stimulus, thymocytes from obese mice proliferate to a significantly lesser extent than do 
cells from lean mice counterparts (58).
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It is conceivable that the presence of a large number of adipocytes in the thymus 
would significantly alter and influence the intrathymic milieu required to support the 
development of lymphoid progenitors into competent, mature lymphocytes. Interestingly, 
despite dramatic changes in thymic architecture with age and the large number of adi-
pocytes, the aging human thymus retains thymopoietic potential, albeit to a limited 
extent. This suggests that interactions of adipocytes with lymphoid progenitors, develop-
ing T cells, and other stromal cells may have important consequences for thymic biology. 
Forestalling adipocyte development in the thymus or bone marrow could thus be an 
important strategy to preserve or prevent the decline in immune function with age.

7.2.2.4  Lymph Node Adipocytes

Adipose and lymphoid tissues develop in parallel in fetal and neonatal mammals. 
Adipocytes anatomically associated with lymph nodes and omental milky spots have 
many special properties, including fatty acid composition and the control of lipolysis, 
that equip them to interact locally with lymphoid cells. Lymph node lymphocytes and 
tissue DC acquire their fatty acids from the contiguous adipocytes. Lymph node-derived 
DC suppresses lipolysis in perinodal adipocytes but those that permeate the adipose 
tissue stimulate lipolysis, especially after minor, local immune stimulation. Inflammation 
changes the composition of fatty acids incorporated into DC, and the adipocytes of 
node-containing adipose tissue, counteracting the effects of dietary lipids. Thus, these 
specialized adipocytes partially emancipate the immune system from fluctuations in the 
abundance and composition of dietary lipids (38). Paracrine interactions between adi-
pose and lymphoid tissues are enhanced by diets rich in n-6 fatty acids and attenuated 
by fish oils. The latter improve immune function and body conformation in humans and 
other animals (59).

7.3  IMMUNE FUNCTION IN OBESE ANIMAL MODELS

Different animal models are used to analyze how obesity influences immune status: 
genetically obese rodents characterized by mutations in the leptin gene (ob/ob mice) or 
leptin receptor gene (db/db mice and fa/fa rats) and DIO rodents are the most heavily 
employed models.

7.3.1  Genetically Obese Animal Models
Obese leptin-deficient ob/ob mice possess a spontaneous mutation of the leptin gene 

that inhibits the secretion of mature leptin. They display hyperphagia, hypothermia, 
hypercorticosteronemia, hyperglycemia, hypothyroidism, growth hormone deficiency, 
hyperinsulinemia, reduced energy expenditure, decreased linear growth, infertility, and 
early-onset morbid obesity. The db/db mice have a similar phenotype to ob/ob mice, but 
they are resistant to leptin because of a mutated leptin receptor. These animals display 
immune disturbances such as reduced thymus proportion, lower lymphocyte and NK 
cell numbers as well as decreased cytotoxic activity. Lymphocyte responsiveness to dif-
ferent mitogens is lower in these animals compared with wild type counterparts. 
Macrophages obtained either from ob/ob mice or from db/db mice have less phagocyte 
activity and a lower expression of proinflammatory-related cytokines and thus are less 
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active in destroying Candida than those isolated from control wild type animals (22). 
The impairment in the phagocytic activity of macrophages from genetically obese ani-
mals may also be associated with high levels of TNF, which are known to alter iNOS 
and cytokine production (13, 60). These genetically obese animals also produce less 
IL-2 than lean animals, which could partly explain the lower capacity of T cells to pro-
liferate in obese animals (61). Elevated serum free fatty acid concentrations may inhibit 
T-lymphocyte signaling, while decreased lymphocyte proliferation may be due to the 
impairment of glucose uptake by lymphocytes (62).

In obese Zucker rats, lymphopenia is found in the thymus and the spleen, as well as 
in the peripheral blood (61). The proliferation response of spleen cells to mitogen is 
decreased, which has been associated with a lower glucose uptake mediated by the 
glucose transporter (GLUT)-1 transporter (62). NK cell activity has been reported to be 
suppressed, but this effect was found to be reversible through exercise training, which 
correlated with improved lymphocyte glucose uptake and enhanced GLUT-1 expres-
sion. On the other hand, phagocytosis was not affected by obesity, but obese Zucker rats 
had diminished ability to kill phagocytosed bacteria compared to control rats, due to 
lower oxidative burst activity (63).

7.3.2  Diet-Induced Obese Animal Models
In DIO animals, similar results concerning the impairment of immune function have 

been found, although the effects are less pronounced than in genetically obese animals. 
DIO mice display aberrant innate immune responses to both bacterial and viral 
infections.

DIO mice are more susceptible than lean mice to morbidity and mortality during 
influenza infection. Following infection with influenza, DIO mice display elevated lung 
pathology and aberrant innate immune responses, characterized by minimal induction 
of the Type I interferons (IFN) IFN-a and IFN-b, delayed expression of proinflamma-
tory cytokines and chemokines, and impaired NK cell cytotoxicity (14). In addition, 
DIO mice have a delayed mononuclear cell entry at the site of infection, with a marked 
decrease in DC throughout the infection. Although obesity does not interfere with DC 
migration or antigen uptake, it does impair DC antigen presentation, and thereby alters 
antigen-specific CD8+ T-cell responses (64).

Obesity is also associated with an increased susceptibility to bacterial infection, such 
as that associated with periodontal disease. Following oral infection with Porphyromonas 
gingivalis, DIO mice exhibit a significantly higher level of alveolar bone loss than lean 
controls do. Oral microbial sampling discloses higher levels of P. gingivalis in mice 
with DIO vs. lean mice during and after infection. When exposed to systemic inocula-
tion of P. gingivalis, DIO mice develop a blunted inflammatory response with reduced 
expression of TNF, IL-6, and SAA at all time points compared to lean mice (12). In 
addition, the induction of inducible NO synthase (iNOS) is also suppressed systemi-
cally in mice with DIO, and in bone marrow macrophages from mice with DIO exposed 
to P. gingivalis. Bone marrow macrophages from lean mice pretreated with free fatty 
acids (FFAs) and exposed to P. gingivalis exhibit a diminished induction of iNOS and 
cytokines. Bone marrow macrophages from lean and DIO mice exposed to P. gingivalis 
and analyzed by a phosphorylation protein array showed a reduction of Akt in bone 
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marrow macrophages from mice with DIO, but not from lean mice. This reduction was 
found to be responsible for diminished NF-kB activation and diminished induction of 
iNOS and cytokines. Moreover, TLR2 responses are suppressed in bone marrow mac-
rophages from DIO mice, whereas the level of CTMP, a known suppressor of Akt 
phosphorylation, is elevated. This elevation stems from defective TLR2 signaling. In 
bone marrow macrophages from lean mice, both FFAs and TNF, via separate pathways, 
induce an increase in CMTP. However, in bone marrow macrophages from DIO mice, 
TLR2 can no longer inhibit the TNF-induced increase in CTMP caused by P. gingivalis 
challenge. This defect can then be restored by transfecting exogenous TLR2 into bone 
marrow macrophages from DIO mice. Thus, feeding mice a HFD over time elevates the 
CTMP intracellular pool, initially via the action of FFAs to activate TLR2, and later 
when the defective TLR2 is unable to inhibit TNF-induced CTMP. These findings 
describe a link between obesity and impaired innate immunity (13).

Poor oxidative burst activity has also been found in DIO animals, related to the 
increased uncoupling protein-2 (UCP2) mRNA levels in spleens of obese rats. A mild 
uncoupling of respiration by UCP2 may regulate ROS production by modulating proton 
leakage through the inner mitochondrial membrane, suggesting a greater capacity of 
macrophages to generate ROS in the absence of UCP2 in the mitochondria (65). Other 
genes implicated in obesity, such as PPARg, which is highly expressed in adipose tissue, 
may be key modulators of adipogenesis, and also involved in macrophage and T-helper 
functions.

7.4  IMMUNE FUNCTION IN OBESE HUMANS

Epidemiological data support the idea that obesity is associated with alterations in 
immune function, but data are controversial for some parameters. One of the problems 
in analyzing immune function in obese individuals is that the effects of obesity itself on 
the immune system can be hidden by the coexistence of hyperglycemia and dyslipi-
demia. Studies in which obese individuals with diabetes, insulin resistance or hyperlipi-
demia are excluded may eliminate these confounding factors. As occurs in animal 
models, most investigations confirm a lower capacity of lymphocytes to proliferate in 
response to mitogen activation. Insulin receptor synthesis by T-lymphocytes after in 
vitro stimulation is reduced in obese subjects when compared to nonobese individuals 
(66), and it is possible that this lower expression may play a role in the impairment of 
T-lymphocyte functions. Although neutrophil, monocyte, T lymphocyte, and B lympno-
cyte were reported elevated in obese individuals (66), other investigation has reported a 
T-lymphopenia in obese patients (67). This lymphopenia is apparently related to higher 
body mass index and TNF production. It appears that in elderly men and women, obes-
ity is also related to a reduced activity of NK cells. A negative correlation between body 
fat and NK cell activity in elderly women and adult men has been established (66). In 
infants, a positive relationship between body weight and infection of the lower respira-
tory tract has been observed. Possible reasons for the higher incidence would include 
mechanical factors that affect pulmonary function and impaired immune status concern-
ing cell-mediated immunity and phagocyte function. Monocyte and granulocyte phago-
cytosis were not found to be influenced by obesity, while basal and activated monocyte 
and basal granulocyte oxidative bursts were higher in obese subjects (66). Moreover, in 
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several studies that have assessed the immune response in obese patients after weight 
loss or nutritional deprivation, results suggest that immune impairments can be cor-
rected with adequate weight control (67–69). Obese patients after weight reduction have 
increased T-cell response and higher proliferation response to mitogen stimulation, but 
have decreased monocyte oxidative burst as well as NK cell counts, but not T- and 
B-cell counts at baseline level. While total lymphocyte numbers did not change after a 
weight reduction program, the response of T-lymphocytes to different mitogens was 
increased as was B-lymphocyte blastogenesis at the end of the dietary restriction period. 
During the slimming period, fasting blood glucose and serum triglyceride concentra-
tions were slightly reduced. Therefore, these results suggest that an improvement in the 
physiological milieu may contribute to an improvement in immune function during 
weight loss. A positive effect on immune response might be observed over the long-
term period after subjects have achieved and maintained normal weight. Further 
research is warranted in this area before meaningful conclusions can be drawn, however, 
because most of the studies have analyzed the effects of short-term weight loss on 
immunity in obese subjects. Furthermore, the interactive effect of changes in psycho-
logical stress with weight loss on immune function needs to be addressed. These results 
indicate that nutritional restriction appears to enhance certain effector functions of the 
host defense system in the obese patient.

7.5  OBESITY AND IMMUNE RELATED DISEASES (FIG. 7.1)

7.5.1  Obesity and Infections
Obesity increases morbidity and mortality through its multiple effects on nearly 

every human system. Several epidemiological studies of obese individuals found evi-
dence of increased susceptibility to infections, including post-operative infectious com-
plications (70), and a positive correlation between BMI and the incidence of nosocomial 
infections such as pneumonia, wound infection, bacteremia, and Clostridium difficile 
colitis (71, 72). The incidence of community-acquired respiratory tract infections has 
been found higher in obese patients. A large population study has demonstrated that the 
BMI is directly associated with an increased risk of community-acquired pneumonia 
among women (73), and women who gained weight (18 kg or more) during follow-up 
observation had a twofold increase in the risk for community-acquired pneumonia than 
those who maintained their weight (74). Overweight children also have twice the risk 
of acute respiratory infections than children with a normal BMI (75). In patients with 
chronic hepatitis C infection, markers of obesity such as the BMI and waist-to-hip ratio 
correlate with the extent of steatosis in this population independently of the presence of 
diabetes (76). Since steatosis affects the natural course of hepatitis C infection, it is not 
surprising that hepatitis C infection progresses more rapidly in obese compared with 
nonobese patients (77). Moreover, obese people are more prone to cutaneous infections 
and display reduced wound-healing capabilities (78, 79). Intertigo, candidiasis, furun-
culosis, erythrasma, tinea cruris, and folliculitis are skin infections frequently encoun-
tered among obese patients. Fungal foot infections, such as tinea pedis and toenail 
onychomycosis, are more common in obese than nonobese patients, and in the long run 
may predispose the affected patients to acute bacterial cellulitis of the lower extremities 
(80, 81). Obesity-linked impairment of immunity has also been noted in various animal 
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models, such as increased susceptibility to Candida albicans infections (63) and 
impaired response to Listeria monocytogenes in obese leptin-deficient ob/ob and leptin-
resistant db/db mice (82).

7.5.2  Obesity and Periodontal Disease
Since 1998, several epidemiological studies have found an association between obes-

ity and an increased incidence of periodontal disease. After adjusting for potentially 
confounding factors such as age, gender, oral hygiene status, and smoking, the relative 
risk of periodontitis was 3.4 in persons with BMI of 25–29.9 kg/m2, and 8.6 in those with 
BMI above 30 kg/m2 (83). Another study not only corroborated this association, but also 
found that older men who had sustained a large (>30%) increase in weight during adult-
hood had an even higher risk of poor periodontal condition (7). A third study in a 
younger population also linked overall and abdominal obesity with an increased preva-
lence of periodontal disease, noting that underweight (BMI  <  18.5) was associated with 
a decreased prevalence (84). As in metabolic syndrome X, the pattern of fat distribution 
plays a crucial role in the association with periodontitis, with both total body fat elevation 
and upper body obesity correlated with a higher risk of periodontal disease (84, 85). 
Among people with periodontal disease, obesity is also associated with deep periodontal 
pockets, and BMI is positively correlated with the severity of periodontal attachment 

Fig. 7.1. Model for the proposed effect of obesity on innate response to P.g: This illustrates how we 
interpret the effect of obesity on peripheral innate immune response to P.g infection. We propose that 
in normal mice, a homeostatic cytokine network maintains a regulated response to bacterial challenge 
through a cycle of transient inflammation, followed by downmodulation with anti-inflammatory 
cytokines. As obesity develops, monocyte dysregulation develops. Together, these perturbations alert 
the homeostatic network that normally counters inflammation associated with infections. We postu-
late that obesity becomes associated with an altered pro- and anti-inflammatory network, an altered 
gene expression profile in monocyte/macrophage, an altered capacity for signaling through TLRs and 
other microbially induced pathways, and an altered chromatin status definable at specific cytokine 
loci. A state of attenuated innate response to P.g. with an impaired P.g clearance is established leading 
to an enhanced tissue damage.
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loss. Individuals who maintained a normal weight, pursued regular exercise, and con-
sumed a diet in conformity with the Dietary Guidelines for Americans and the Food 
Guide Pyramid recommendations were 40% less likely to have periodontitis (86–88). 
Moreover, obesity significantly contributed to the severity of periodontal disease in an 
animal model. In a ligature-induced periodontitis rodent model, alveolar bone resorption 
was greater in obese rats compared with nonobese rats (89). Proinflammatory cytokines 
may be part of the link between periodontitis and obesity, as high TNF in the gingival 
crevice fluid closely correlates to high body mass index (90).

7.5.3  Obesity in Diabetes and Cardiovascular Disease
The growing prevalence of type 2 diabetes and cardiovascular disease is tied to over-

weight or obesity (91). About 90% of type 2 diabetes is attributable to excess weight. 
Furthermore, approximately 197 million people worldwide have impaired glucose toler-
ance, most commonly because of obesity and the associated metabolic syndrome. This 
number is expected to increase to 420 million by 2025. Population-based surveys of 75 
communities in 32 countries show that diabetes is rare in communities in developing 
countries where a traditional lifestyle has been preserved. By contrast, some Arab, 
migrant Asian Indian, Chinese, and the U.S. Hispanic communities that have undergone 
westernization and urbanization are at higher risk; in these populations, the prevalence 
of diabetes ranges from 14 to 20%. In addition, most of the population growth in the 
developing world is taking place in urban areas.

Obesity is a critical risk factor in the development of insulin resistance, which is 
characterized by an inability of insulin to inhibit glucose output from the liver and to 
increase glucose uptake into skeletal muscle (92, 93). Recent research unveils several 
mechanisms, whereby obesity causes diabetes: (1) Obesity increases hepatic endoplas-
mic reticulum (ER) stress, leading to an exhaustion of activating transcription factor 6 
alpha (ATF6a). Since ATF6a reduces hepatic glucose output by inhibiting CREB regu-
lated transcription coactivator 2 (CRTC2) occupancy over the promoters of gluconeo-
genic genes via disrupting the interaction between CREB and CRTC2, gluconeogenic 
genes are upregulated when hepatic ATF6a protein amounts are reduced, therefore 
leading to the increase of hepatic glucose output and insulin resistance (94, 95); (2) 
Adipocytes release a protein called pigment epithelium-derived factor (PEDF), which 
causes the muscle and liver to become desensitized to insulin, leading to the develop-
ment of Type 2 diabetes (96, 97). (3) Elevated inflammatory factors (such as TNF-
alpha, IL-1, IL-6, leptin, and resistin) in obesity inhibit insulin signaling in hepatocytes 
by activating suppressor of cytokine signaling (SOCS) proteins, several kinases (such 
as JNK, IKKb, and PKC) and protein tyrosine phosphatases (such as PTP1B and 
PTEN), that in turn impair insulin signaling at both the insulin receptor and insulin 
receptor substrate (IRS) levels (98).

The risk of cardiovascular disease is considerably greater among obese people, and 
this group has an incidence of hypertension that is five times the incidence among people 
of normal weight. Hence, overweight and obesity are contributing to a global increase in 
hypertension: one billion people had hypertension in 2000, and 1.56 billion people are 
expected to have this condition by 2025 (99). The effect of obesity and diabetes on com-
plications of cardiovascular disease is also more severe among members of most ethnic 
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minority groups in Western countries as well as among the populations of developing 
countries, where an increased waist-to-hip ratio is a strong predictor of ischemic heart 
disease and stroke. The estimated risk of cardiovascular disease is higher among South 
Asians than among white Westerners or persons of African origin; this difference is 
attributable to earlier onset of obesity and diabetes and to higher blood pressure (91).

7.6  CONCLUSIONS AND PERSPECTIVES

Although obesity is a hyperinflammation state characterized with expanded macro-
phages, leukocytes, and lymphocytes infiltration into adipose tissue and with activated 
cytokine network, the immune system seems paralyzed in response to various infec-
tions. This immune paralysis finds its basis in epidemiological studies of obese indi-
viduals which found the evidence of increased susceptibility to infections, including 
post-operative infectious complications, and a positive correlation between body weight 
index and the incidence of both community and nosocomial infections. Recent evidence 
points to the high fat diets which interfere with the ability of the immune system to 
appropriately respond to P. gingivalis infection and causes a higher mortality rate in 
mice following infection with influenza virus.

Several lines of evidence have supported a link between adipose tissue and immuno-
competent cells. The activated interaction between adipocytes and immune cells is 
mediated by adipokines or by direct cell–cell contact. Immune cell subsets expand 
within adipose tissue during obesity causing chronic inflammation and insulin resist-
ance, and an increase in the number of adipocytes in the thymus, bone marrow, and 
lymph nodes is associated with reduced immunity. In obesity, excess adiposity and 
impaired immune function have also been described in both human and diet-induced or 
genetically obese rodents. Thus, the direct interactions between immune cells and adi-
pocytes by cell–cell contact and via their secreted products could potentially be the 
significant pathological processes for obese-related immune diseases, such as infec-
tions, periodontitis, diabetes, and cardiovascular diseases.
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8 Host Immune Resistance  
and Dietary Lipids
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Key Points

Both •	 n-3 polyunsaturated fatty acids and n-9 monounsaturated fatty acids contribute 
to the suppression of several immune system functions, exerting important anti-
inflammatory properties.

•	 n-3 polyunsaturated acids are the most immunosuppressive fatty acids, and they 
have been applied in the resolution of diseases characterized by an overactivation of 
immune response.
Different factors and mechanisms are involved in the execution of these properties.•	
The administration of high amounts of •	 n-3 polyunsaturated fatty acids reduces host 
defense to bacteria, viruses, parasites, or fungi.
Inappropriate administration of •	 n-3 polyunsaturated fatty acids in patients at risk of 
sepsis may cause adverse effects due to an increase in the susceptibility to infection.

Key Words: Olive oil, immune system, lymphocytes, cytokines, autoimmune diseases, 
infection, immune resistance.

8.1  INTRODUCTION

Mammals and other vertebrates have developed, during evolution, the immune system, 
a specialized, organized, and sophisticated mechanism of defense to combat and elimi-
nate harmful microorganisms. This important protective system may be defined as a 
highly effective and complex network of cells and factors, perfectly orchestrated and 
coordinated, responsible for the host defense from infectious and pathogenic agents. 
Immune system is divided into innate and acquired immunity. The innate arm of immu-
nity prevents the entry of foreign microorganisms into the body, playing a crucial role in 
the early control of infectious agents, as well as in the initiation and subsequent course 
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of the acquired immunity. Therefore, innate response constitutes the first line (early 
phase) of defense against pathogens. It is obvious that innate immunity represents an 
important mechanism, which rapidly destroys and eliminates microorganisms through 
different procedures such as phagocytosis or engulfment of undesirable agents, direct 
destruction by the production of complement or toxic substances released from phago-
cytic cells or natural killer (NK) cells. In fact, innate immunity is the most efficient 
mechanism in order to eliminate intracellular growth microorganisms. Innate resistance 
does not distinguish among microorganisms and does not change in intensity upon reex-
posure. On the other hand, acquired immunity requires the identification of molecules 
from an invading agent. The recognition of antigens is carried out by B lymphocytes and 
T lymphocytes, which constitute the main arm of acquired immunity and produce anti-
bodies (B cells) or recognize the antigens on the surface of cells (B or T cells). Adaptive 
immunity leads to the generation of immunological memory, which is characterized for 
the capacity to respond better and quicker upon reexposure to the same antigen.

The innate immune system is capable of recognizing a limited group of conserved 
components of bacteria, parasites, fungi, or viruses, known as pathogen-associated 
molecular patterns (PAMP), which have therefore been called pattern recognition recep-
tors (PRR). Host cells express various PRR that detect diverse pathogen-associated 
molecular patterns, varying from lipids, lipopolysaccharides (LPS), lipoproteins, pro-
teins, and nucleic acids. As a consequence, identification of these PAMP by PRR pro-
motes the activation of intracellular signaling pathways that conclude in the release of 
proinflammatory cytokines, chemokines, or interferons; thus, preparing the organism to 
the presence of infection (1). PRR comprise the members of the Toll-like receptors 
(TLRs) family, the nucleotide-binding oligomerization domain receptors (NOD-like 
receptors, NLRs) and the retinoic acid-inducible gene-like helicases (RIG-like heli-
cases, RLHs) (2). Both TLRs and NLRs have shown a critical role in host protection 
against microbial infections and in homeostasis of commensal microbiota (3). It has 
been demonstrated that saturated fatty acids activate TLRs, whereas n-3 polyunsatu-
rated fatty acids inhibit agonist-induced TLR activation. Therefore, it is important to 
remark that the induction of Toll-mediated immune responses can also be affected by 
the balance between saturated and unsaturated fatty acids (4).

Numerous experimental studies have determined that certain dietary lipids are 
involved in the modulation of several immune functions. These alterations include the 
reduction of lymphocyte proliferation, which is modified by polyunsaturated fatty acids 
(mainly n-3 polyunsaturated fatty acids) or monounsaturated fatty acids (n-9 monoun-
saturated fatty acids). Studies carried out in both humans and animals have revealed that 
the administration of high amounts of n-3 polyunsaturated fatty acids or n-9 monoun-
saturated fatty acids in the diet, or the inclusion in parenteral regimens of lipid emul-
sions rich in n-3 or n-9 fatty acids are related to the reduction of lymphocyte proliferation 
during the supplementation. Cytokine production is reduced by the action of n-3 poly-
unsaturated fatty acids or n-9 monounsaturated fatty acids, natural killer (NK) activity 
is significantly suppressed, phagocytic activity of macrophages is modified, surface 
molecule expression is altered, and the antigen-presenting function of human mono-
cytes is inhibited (5, 6). Based on these experimental observations, we can affirm that 
n-3 polyunsaturated fatty acids rather than n-6 polyunsaturated or n-9 monounsaturated 
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fatty acids are directly associated with the suppression of immune and inflammatory 
response. These effects, due mainly to n-3 polyunsaturated fatty acids, may be benefi-
cial for a variety of inflammatory disorders, including rheumatoid arthritis, Crohn´s 
disease, atherosclerosis, psoriasis, systemic lupus erythematosus, multiple sclerosis, 
and asthma (7, 8), which are characterized by an overactivation of immune response. It 
is important to note that the immunomodulation attributed to fatty acids depends on 
different factors, such as the nature of fatty acids added to diets, the concentration of 
fatty acids, the duration of supplementation with dietary lipids, or differences among 
animal species fed dietary lipids (9).

It is clearly established that resistance to infection is strongly influenced by the effec-
tiveness of the immune system in protecting the host against pathogenic microorganisms. 
The immune system of both humans and animals may be influenced by several essential 
nutrients, which appear to play a crucial role in preserving an optimal immune response. 
Indeed, deficient and excessive intakes of nutrients can have adverse effects on immune 
functions, and consequently may impair host defense to a broad variety of infectious 
microorganisms. The first confirmation that several dietary lipids might have health 
benefits came from epidemiological studies, which revealed that populations that con-
sumed large amounts of fish as part of their traditional lifestyle, such as Greenland 
Eskimos, showed low incidence of myocardial infarction, and autoimmune disorders 
(10). Therefore, it was clear that the administration of this diet was directly related to a 
substantial reduction of inflammatory processes and autoimmune disorders. Taking into 
account that polyunsaturated fatty acids, particularly the n-3 class, exert immunosup-
pressive effects, it is reasonable to expect that dietary intake of these fatty acids would 
compromise host response to infectious microorganisms.

8.2  TYPES OF FATTY ACIDS AND LIPID MEDIATORS

Fatty acids are hydrocarbon chains with a terminal carboxyl group and a methyl 
group at the other end. They are characterized by the number of C atoms, the number 
of double bonds and the position of the first double bond. Therefore, fatty acids consti-
tute a class of fat or lipid, whereas the concept of lipid may be defined as a variety of 
compounds that share similar properties of hydrophobicity. Thus, dietary lipids may 
include mono-, di-, and triglycerides, sphingolipids, free fatty acids (saturated, mono- or 
polyunsaturated), cholesterol, plant sterols, various pigments, and fat-soluble vitamins. 
Three major groups of dietary fatty acids are oleic, linoleic, and linolenic acid. They are 
not interconvertible and serve as precursors for the biosynthesis of polyunsaturated fatty 
acids through a series of desaturation and chain elongation steps.

Plants possess enzyme D9-desaturase which enables to insert double bonds into oleic 
acid to produce linoleic acid, from which n-6 fatty acids are derived, and a-linolenic 
acid from which n-3 fatty acids are derived. By contrast, animals lack the enzyme D9-
desaturase and are therefore unable to synthesize linoleic acid and a-linolenic acid, 
which should be incorporated in the animal diet. For this reason, these last fatty acids 
are called essential fatty acids. In addition, the administration of dietary n-3 fatty acids 
causes a reduction of arachidonic acid (AA) levels in plasma membrane of tissues. This 
fact is produced by competence with AA to serve as a substrate for both cyclooxygenase 
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(COX) and lipooxygenase (LOX) activities. Thus, the modification of dietary fatty acids 
can lead to alteration of phospholipid profiles in plasma membranes and, in turn, 
changes in cellular responses.

Polyunsaturated fatty acids with 20 C (AA, eicosapentaenoic acid [EPA], and 
dihomo-g-linoleic acid [DGLA]) can be metabolized to a variety of eicosanoids or bio-
logical mediators, which play important roles in the regulation of immune and inflam-
matory responses. Two potent inflammatory eicosanoids are prostaglandin E

2
 (PGE

2
) 

and leukotriene B
4
 (LTB

4
), which are produced from AA by the enzymes COX and 

5-lipoxygenase (5-LOX), respectively. Other 20-C fatty acids, EPA, and DGLA com-
pete with AA for these enzymes, and thus, decrease the production of PGE

2
 and LTB

4
. 

The eicosanoids produced from EPA and DGLA have only weak effects on the immune 
cells. Docohexaenoic acid (DHA) is not a substrate for cyclooxygenase and lipoxygen-
ase, but does suppress the synthesis of the n-6 eicosanoids by inhibiting the release of 
membrane AA. It can also be retroconverted to EPA. The reduction in the production of 
inflammatory eicosanoids by DHA, EPA, and DGLA forms the basis for their use in the 
management of inflammatory diseases. Hence, their modes of action are similar to those 
of many nonsteroidal anti-inflammatory drugs.

8.3  FATTY ACIDS AND IMMUNE SYSTEM FUNCTIONS:  
PROPOSED MECHANISMS OF IMMUNOMODULATION

Several potential mechanisms have been proposed to explain the immunomodulatory 
effects of dietary lipids on immune functions by direct and indirect effects on the cells 
of the immune system, which are not mutually exclusive. The biological consequences 
derived from these changes are not totally elucidated, but it is probable that the altera-
tions observed by lymphocyte population after dietary lipid administration enhance the 
host susceptibility against microorganisms. Figure 8.1 illustrates the different mecha-
nisms capable of modulating immune system functions.

8.3.1 Alteration of Membrane Fluidity and Lipid Rafts
Fatty acids constitute important structural components of the plasma membrane. 

Therefore, the administration of a specific type of dietary fat implies pivotal changes in 
the fatty acid composition leading to an alteration of cell membrane fluidity (11). As a 
result, diets containing unsaturated fatty acid increase the fluidity of the plasma mem-
brane, whereas diets containing saturated fatty acid reduce the fluidity of the cell mem-
brane. For this reason, numerous cellular functions may be affected, such as intercellular 
interaction, nutrient transport, receptor expression, or signal transduction. It is likely 
that such changes will influence lipid–protein interactions and membrane lateral organi-
zation (12). Thus, the binding of numerous cytokines to their respective receptors 
placed in the membrane surface may depend on fatty acid structure (13). Similarly, the 
expression of major histocompatibility complex (MHC) class II molecules and intercel-
lular adhesion molecule-1 (ICAM-1) are altered after dietary lipid administration, 
which leads to a significant inhibition of antigen-presenting function (14).

Initiation and transmission of the signaling events taking place in immune cells occur 
in specialized membrane regions called lipid rafts. Currently, the study of membrane 
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lipid microdomains, so-called rafts, is acquiring considerable attention, to explain the 
modulatory mechanisms of certain fatty acids on T cell signal transduction (15, 16). 
Membrane lipid rafts may be defined as specialized regions within plasma membrane 
composed of high concentrations of cholesterol and sphingolipids (sphingomyelin and 
glycolipids) and a polar region that contains saturated fatty acid residues. Different 
proteins involved in T cell signaling are concentrated in rafts, and alterations of raft 
lipid fatty acyl composition is a crucial event that has a relevant role in the inhibitory 
effects of polyunsaturated fatty acids on T cell activation and in the modulation of 
immune system functions by certain dietary lipids (17). Overall, several fatty acids 
incorporated in human diets can modify membrane organization, and thereby influence 
a variety of cellular events, including the expression of surface proteins.

8.3.2  Eicosanoid Synthesis
Eicosanoids are 20 carbon bioactive lipid mediators of inflammation, and they com-

prise an important family of oxygenated derivatives of DGLA, AA (the major eicosa-
noid precursor), or EPA that act as a second group of chemical messengers within the 
immune system. The main eicosanoids are prostaglandins (PG), thromboxanes (Tx), 
leukotrienes (LT), hydroperoxyeicosatetraenoic acids (HPETEs), hydroxyeicosatetrae-
noic acids (HETEs), and lipoxins, as well as newly identified families of lipid media-
tors generated from n-3 polyunsaturated fatty acids, called resolvins. Two enzymes 
acquire a great importance in the biosynthesis of eicosanoids: (1) cyclooxygenase, 
which produces the PG and Tx, and (2) lipoxygenase, which produces the HPETEs, 
HETEs, lipoxins, and resolvins. In general, eicosanoids participate in critical physio-
logical functions (induction of fever, increase of vascular permeability, vasodilatation, 
regulation of smooth muscle tone, neuronal function, platelet aggregation, and chemo-
taxis) and, in particular, the most significant actions of eicosanoids are focused on their 
participation as inflammatory regulators and on the modulation of immune system (8). 
The administration of diets containing fish oil (which is mainly composed of EPA or 
DHA) to both humans and animals produces a significant reduction in the amount of 
AA in the phospholipid membrane of cells that participate in the immune functions. 
This event modifies the production of different eicosanoid types, and therefore, 
immune system functions are also altered. In general, eicosanoids derived from n-3 
polyunsaturated fatty acids are less reactive than those derived from n-6 polyunsatu-
rated fatty acids. Thus, 3-series PG (PGE

3
) and 5-series LT (LTB

5
) (both derived from 

EPA) are more potent than eicosanoids derived from AA (2-series PG [PGE
2
] and 

4-series LT [LTB
4
]) in inhibiting lymphocyte proliferation (18). In addition, prostag-

landins inhibit production of interleukin-1 (IL-1) and tumor necrosis factor (TNF), 
whereas leukotrienes increase NK cell activity, IL-1 production by macrophages, and 
interferon-g (IFN-g) synthesis by lymphocytes (19). Therefore, fatty acids derived 
from fish oil may inhibit the metabolism of AA by two pathways: (a) reduction of 
substrate availability because the administration of n-3 polyunsaturated fatty acids 
results in a significant decrease in the amount of AA in the plasma membrane of 
immune system cells, and (b) competition with AA to serve as a substrate for both 
cyclooxygenase and lipoxygenase activities.



137Chapter 8 / Dietary Lipids and Host Defense

8.3.3  Oxidative Stress
The antioxidant nutrient status of the subjects is of crucial relevance in the determina-

tion of the effects of polyunsaturated fatty acids on immune system functions because 
the incorporation of polyunsaturated fatty acids into plasma membrane increases lipid 
peroxidation, as well as the requirements for antioxidant substances that protect plasma 
membrane from lipid peroxidation. It is clearly established that lipid peroxidation modi-
fies the expression of surface molecules (11), suppressing human leukocyte antigen 
(HLA-DR) expression due to free radical production (20). In fact, the immunosuppres-
sion attributed to certain dietary lipids might be in part associated with an increase of 
lipid peroxidation, and consequently a substantial reduction of antioxidants (particu-
larly vitamin E). Antioxidants from extra virgin olive oil have received particular atten-
tion for their protective effects against the damage from biological oxidants. Among the 
antioxidant agents that constitute olive oil are hydroxytyrosol, oleuropein, and caffeic 
acid. These natural compounds are capable of scavenging free radicals and of breaking 
peroxidative chain reactions (21).

8.3.4  Regulation of Gene Expression
Recent studies have suggested that the modulatory properties of n-3 polyunsaturated 

fatty acids are attributed in part to a reduction in the activity of nuclear factor- kB 
(NF-kB), which is an important transcription factor involved in the promotion of several 
important proteins (22). The association of stimulus – CD14 receptor- MD2 adaptor 
protein – TLR4 induces dimerization of TLR4 and initiates signaling cascade, which 
results in activation of phosphorylation kinases of NF-kB transcription factor inhibitor 
(IkB). This process induces a transcription of genes whose products take part in inflam-
matory response (e.g. proinflammatory cytokines TNF-a, IL-1, IL-6, IL-12, COX, and 
adhesion molecules) (23). Other transcription factors, including peroxisome proliferator-
activated receptors (PPARs), a group of key nuclear receptors involved in the regulation 
of lipid homeostasis, can bind to DNA sequence elements and are involved in the regula-
tion of inflammatory processes by modulating the expression of target genes (24, 25).

8.3.5  Apoptosis
Apoptosis has been defined as a genetic program crucial for the development and 

homeostasis of the immune system, in which the activation of catabolic processes and 
enzymes occurs before cytolysis, thereby facilitating the recognition, uptake, and diges-
tion of the apoptotic cell by phagocytes. Different studies performed by in vitro assays 
or by administration of dietary lipids in both animals and humans have described an 
important role for several fatty acids in the induction or inhibition of apoptosis. Thus, 
polyunsaturated fatty acids such as EPA, DHA, saturated fatty acids such as palmitic 
acid, or fats such as fish oil administered in the diet have been defined as substances 
capable of inducing cell death via a mitochondrial process, or by downregulation of 
Bcl-2 (an antiapoptotic protooncogene product) (26–28). In addition, another possibility 
that explains in part the induction of apoptosis by long-chain n-3 polyunsaturated fatty 
acids is the direct action of these substances on the cells and by activation of the caspase 
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cascade through cytochrome c release coupled with a modulation of mitochondrial 
membrane depolarization (29). Recent studies have also determined the crucial impor-
tance of dietary fatty acids in the reduction of Bcl-2 expression as well as an increase 
of Fas ligand (Fas-L) expression. Therefore, when the concentration of polyunsaturated 
fatty acids augments, Bcl-2 expression is reduced, and cell death occurs (28). More 
recently, a novel mechanism has been proposed to establish a relationship between fatty 
acids and apoptosis. This mechanism suggests that n-3 fatty acids modulate T cell-
mediated immunity by selective deletion of Th1-like cells, while maintaining or 
increasing the Th2-mediated humoral immune response (17). While n-6 polyunsatu-
rated fatty acids are involved in apoptosis induction, acting on mitochondrial depolari-
zation and oxygen radical production, oleic acid is less toxic and is involved in caspase-3 
activation (30).

8.3.6  Antigen Presentation
Diets containing fish oil are capable of diminishing the expression of MHC class II 

antigen-presenting molecules on peripheral blood monocytes or dendritic cells (14, 31, 
32). Similarly, the expression of MHC class I antigen-presenting molecules was 
decreased with a treatment in vitro of B lymphocytes in the presence of AA or DHA. 
Recently, it has been demonstrated that the treatment of human B lymphoblasts with 
polyunsaturated fatty acids involves a modification of antigen presentation (33). Thus, 
the culture of B lymphoblasts with either AA or DHA as free fatty acids reduced the 
lysis of antigen-presenting cells. This effect may be attributed to a small reduction in 
MHC class I surface expression and a significant decrease in the rate of antigen-present-
ing cells-T cell association after incorporation of polyunsaturated fatty acids (33). These 
findings suggest that polyunsaturated fatty acids are modifying the adhesion properties 
of antigen-presenting cells (APC)-T cell conjugates. However, MHC class I expression 
was only restricted to in vitro studies. Therefore, it would be necessary to examine these 
effects with regard to in vivo models.

8.3.7  Modulation of Gastrointestinal Microbiota
Resident intestinal microbiota plays a pivotal role in the prevention of infections 

caused by potential pathogens. Several studies have determined that high concentrations 
of polyunsaturated fatty acids exert an important effect on gastrointestinal microbiota, 
showing that they inhibit the growth and mucus adhesion of lactobacilli, whereas low 
concentrations of g-linolenic acid and AA promoted the growth and mucus adhesion of 
Lactobacillus casei (34). In addition, the administration of probiotics supplemented 
infant formula results in altered plasma lipid polyunsaturated fatty acid composition, 
modifying the absorption and utilization of dietary polyunsaturated fatty acids (35). 
Polyunsaturated fatty acids can alter intestinal microbiota increasing the number of 
probiotic microorganisms. As a direct consequence, polyunsaturated fatty acids might 
be recommended in addition to probiotics for the prevention and/or maintenance treat-
ment of colitis (36). It has been demonstrated that long-chain polyunsaturated fatty 
acids, by enhancing the adhesion of probiotic organisms to the gut mucosal cells, may 
increase the development of gut-associated lymphoid tissue by direct interaction 
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between the probiotics and the lymphoid tissue and by the ability of long-chain polyun-
saturated fatty acids and probiotics to augment certain growth factors such as transform-
ing growth factor-b (TGF-b) and various cytokines (37).

8.4  DIETARY LIPIDS AND HOST SUSCEPTIBILITY  
TO INFECTIOUS MICROORGANISMS

After explaining how dietary lipids affect immune functions, we examine the action 
of dietary lipids on host susceptibility to infection. It is clearly recognized that nutrient 
intake may commonly be considered as a critical determinant of immunocompetence 
because of the impact of certain micronutrients and macronutrients on immune system 
functions. Accordingly, nutrients play a critical role in the appropriate development and 
maintenance of optimal health in both animals and humans (38). Many investigations 
have reported the modulatory role that certain fatty acids play on the immune system 
and the clinical benefits exerted by dietary lipid supplementation with fish oil, olive oil, 
or other fats in both humans and animals (6, 39). As a result, diets containing fish oil or 
olive oil have traditionally been applied in the resolution, or at least in the attenuation 
of incidence of diseases characterized by an overactivation of immune system (40, 41) 
because unsaturated fatty acids (mainly n-3 or n-9 fatty acids) are able to reduce the 
levels of many biological mediators associated with the promotion of the inflammatory 
mechanisms that participate in an inappropriate immune response.

For obvious reasons, the altered resistance to infectious microorganisms has been 
analyzed in animal models in which the administration of diets containing fish oil gen-
erally reduces the clearance of bacteria from either liver or spleen and significantly 
diminishes survival during the course of an experimental infection with different types 
of pathogens. Consequently, the elimination of microbial agents (bacteria, fungi, 
viruses, or parasites) is more difficult (reviewed in 42–44). Different reports have 
described in the last years the clinical consequences derived from dietary supplementa-
tion with n-3 polyunsaturated fatty acids, which are characterized by suppressing 
immune system functions. Nevertheless, the studies focused on the action promoted by 
fatty acids on immune system functions, and the modulation of host resistance to infec-
tious microorganisms has generated many discrepancies that may be directly attributed 
to multiple factors, such as type and amount of diet consumed, time of feeding before 
the challenge with the microorganism, and the type, dose, and route of infection (9). The 
main studies investigating the impact of dietary lipids (particularly n-3 polyunsaturated 
fatty acids) on the host immune resistance of different animal models are summarized 
in Table 8.1.

8.4.1  Bacteria
Listeria monocytogenes, is a gram-positive food-borne pathogen that invades through 

the intestinal epithelium, causing the potentially fatal disease, listeriosis. This microor-
ganism serves as an important model for understanding host immune resistance against 
intracellular bacteria, and it has been extensively used in numerous investigations asso-
ciated with dietary lipids and infection. Initially, it is important to emphasize that an 
early study showed an inhibition in host resistance as measured by susceptibility to 
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L. monocytogenes infection in mice fed a hypercholesteremic diet (45), indicating an 
alteration of host response. However, the first report in the literature regarding L. mono-
cytogenes resistance and dietary n-3 polyunsaturated fatty acids was the study by Kos 
et al. in which demonstrated an impairment of specific immunity to infection and per-
sistence of this microorganism in the liver (46). Subsequently, another early study 
reported no differences in the susceptibility to this pathogen of animals fed fish oil diets 
(47), whereas other investigations found a reduction of host resistance to L. monocy-
togenes infection due mainly to a suppression of macrophage functions (48). Other 
more recent investigations have demonstrated a significant reduction of survival rates in 
hosts to L. monocytogenes infection after feeding experimental mice with a diet exclu-
sively constituted by high concentrations of fish oil. Animals were inoculated with a 
lethal dose of a virulent L. monocytogenes strain and bacterial clearance from liver or 
spleen was increased in these models. Bactericidal activity of peritoneal cells was sig-
nificantly reduced (49), and cytotoxic effects due to bacterial infection were aggravated 
(50), whereas the susceptibility of cells to adhesion or invasion by L. monocytogenes 
infection was substantially modified (50). Overall, these observations indicate that diets 
containing high amounts of fish oil promote an immunosuppressive state unable to 
 protect the host from an infectious microorganism, or in other words, an ineffective 
capacity of the immune system to destroy and eliminate the infectious agents (50–52). 
Instead, Turnock et al. reported that conjugated linoleic acid (CLA), a potent immu-
nomodulator that is used as a dietary supplement, did not alter antibacterial resistance 
to L. monocytogenes infection (53).

Fritsche and coworkers have attempted to explain in part the reasons for which n-3 
polyunsaturated fatty acids reduce host defense against L. monocytogenes infection. 
Thus, consumption of EPA or DHA (both contained in fish oil) impairs the production 
of IL-12 and IFN-g, cytokines that play an essential role in the innate and adaptive 
responses of host immune system (54). For this reason, the reduction of IL-12 levels 
may clarify the impaired bacterial clearance from spleen or livers, as well as the reduc-
tion of survival to L. monocytogenes infection in a murine model (55). Another possible 
explanation for the reduction of host resistance is based on the inhibition of MHC class 
II expression (called Ia in mice) that is reduced in mice fed a fish oil diet and infected 
with L. monocytogenes (56). Similarly, our research group and others have described an 
increase of mortality in the animals fed a fish oil diet as well as a diminution of bacteria 
counts from spleen after challenge with L. monocytogenes (51, 52). As mentioned 
above, this outcome may be promoted not only by a reduction of proinflammatory 
cytokine production, such as IL-12 and IFN-g (55), but also by an increase in the syn-
thesis of an anti-inflammatory cytokine as IL-4 during the early phase of L. monocy-
togenes infection (57). However, it is important to underline that the mortality of 
animals was not increased in mice fed an olive oil diet after the exposure to this bacte-
rium (51, 58).

The combination of these dietary lipids with an antioxidant agent, such as N-acetyl-
l-cysteine (NAC), was responsible for an adverse effect, leading to a reduction of mice 
survival and to an increase of viable bacteria from the spleen (58). Nevertheless, the 
administration of diets containing fish oil in immunosuppressed models treated with a 
neutrophil-depleting antibody (RB6-8C5) has demonstrated that n-3 polyunsaturated 
fatty acid-mediated reduction of host resistance to L. monocytogenes is independent of 
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neutrophil activity (59). In addition, n-3 polyunsaturated fatty acids contribute to 
exacerbating the susceptibility against L. monocytogenes infection in immunosup-
pressed animals, which had previously been treated with cyclophosphamide (a neutro-
penic agent) (60). Therefore, the results obtained in animal models clearly indicate that 
the administration of diets containing fish oil may exhibit an important immunosup-
pressive effect that may acquire a great relevance in clinical nutrition, when lipid emul-
sions constituted by polyunsaturated fatty acids are supplied to patients at risk of 
sepsis (59, 60).

Similarly, an early study reported that dietary supplementation with either n-3 or n-6 
polyunsaturated fatty acids can have significant adverse effects in the elimination of 
Staphylococcus aureus from lungs of newborn rabbits (61). Nevertheless, these authors 
suggested that lipid administration did not alter lung neutrophil chemotaxis or alveolar 
macrophage phagocytic activity. Therefore, the interpretation of these results is highly 
difficult.

Several research groups have previously shown in mice fed with fish oil, an increased 
survival, compared to mice fed with corn oil, after infection with the Gram-negative 
bacteria Klebsiella pneumoniae (62). The explanation for this difference in survival is 
not absolutely known, but it may be attributed to an altered balance between various 
cytokines and chemical mediators. Therefore, it has been suggested that the consump-
tion of fish oil suppresses the abundant and sometimes harmful immunological response 
to an overwhelming infection. Thus, several investigations have concluded that the 
effects of diets containing fish oil are mediated through altered production of leukot-
rienes, when mice were infected with a gram-negative bacterium such as K. pneumoniae 
(63), in fact, different studies have reported that the administration of fish oil diets exerts 
beneficial effects on survival of mice after experimental infection with K. pneumoniae 
(62–65). By a strict contrast, one of these studies has not observed any effect after infec-
tion with a gram-positive microorganism as Streptococcus pneumoniae, despite a ben-
eficial effect on survival after experimental pneumoniae when mice were infected with 
K. pneumoniae (65).

The exposure of guinea pigs fed a diet containing fish oil to Mycobacterium tuberculosis 
produced an increase of host susceptibility to this pathogen. Therefore, an increase in the 
number of bacteria from spleen and lung was described, when animals were fed a diet 
containing fish oil (66–69). A possible explanation for these observed effects may be found 
in the reduction of TNF-a production by M. tuberculosis-infected macrophages (69).

The action of Pseudomonas aeruginosa, a gram-negative pathogen involved in a 
large number of nosocomial and opportunistic infections, has also been evaluated in 
different studies. Evidence from several findings have indicated that diets containing 
fish oil reduce mortality rates of hosts after the exposure to this pathogen (70), whereas 
other investigations have reported no differences in the susceptibility of animals to this 
microorganism (47, 71) or a significant reduction of mouse survival when were fed a 
fish oil diet after the challenge (72). Finally, a recent investigation has reported that the 
administration of a diet constituted by EPA along with DHA may be used as a preven-
tive treatment against initial infection with P. aeruginosa, increasing host resistance 
after exposure to this pathogen. The combined administration of both EPA  +  DHA 
decreases pulmonary bacterial load and reduces mortality (73). In addition, these 
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authors have suggested that both EPA  +  DHA may be applied as a preventive agent 
against an initial colonization of P. aeruginosa, acting synergistically with antibiotics 
and reducing morbidity to this pathogen microorganism (73).

In spite of the fact that Salmonella enterica serovar Typhimurium has not been 
related to changes in survival after the administration of n-3 polyunsaturated fatty acids 
(71), other authors have found substantial differences in the survival of animals fed a 
diet containing fish oil and infected with this bacterium. Thus, mice fed n-3 polyunsatu-
rated fatty acids showed an increase in mortality and diminished bacterial clearance, 
when this pathogen was administered by an oral route (74). In addition, the functional-
ity of Kupffer cells and splenocytes were affected after challenge with this gram-nega-
tive microorganism (75).

8.4.2  Viruses
Viruses constitute intracellular obligate parasites that need the cellular machinery 

for their replication. Therefore, it is obvious that viruses will be eliminated through 
a cell-mediated immune response. Nevertheless, some viruses are able to evade this 
immune response because they use one or more mechanisms capable of disrupting 
the host’s immune response. Experimental observations with viruses have also dem-
onstrated that influenza virus infection in animals fed fish oil diet delayed the clear-
ance, due to an impairment of primary virus-specific T cell cytotoxicity, but had no 
effect on NK cytotoxicity (76, 77). Recently, it has been reported that CLA dietary 
supplementation had no consistent effects on the virological or clinical course of 
experimental human rhinovirus infection (78). On the other hand, the infection in an 
animal model with ocular herpes simplex virus type 1 (HSV-1) has promoted the 
development of more severe lesions in mice fed a fish oil diet. Taking into account 
that the susceptibility of certain strains of mice to HSV-1 stromal keratitis is related 
to hyperresponsiveness of T lymphocyte to HSV-1 antigens, it is probable that the 
activation of T lymphocytes observed in the fish oil-fed group could be responsible 
for the reported exacerbation of this disease (79). However, other early studies have 
reported that the administration of n-3 polyunsaturated fatty acids did not affect sur-
vival after a lethal infection with murine cytomegalovirus (47). The infection of mice 
fed a diet containing DHA with an enteric reovirus produced a reduction of clearance 
of the virus from the intestinal tract, although the level of immunoglobulin A at 6 or 
8 h of infection was not modified (80). On the other hand, the administration of diets 
containing fish oil in a murine model of acquired immunodeficiency syndrome 
(AIDS) produced a significant reduction in human immunodeficiency virus progres-
sion due mainly to a reduction of proinflammatory cytokines, and a diminution of 
NF-kB expression (81). Nevertheless, a previous study demonstrated that adminis-
tration of a diet containing fish oil to patients suffering from AIDS is well tolerated, 
but decreased CD4 counts. Therefore, these authors suggest that clinical use of this 
diet is inappropriate in these patients (82). Finally, a recent investigation has reported 
that EPA supplementation does not reduce lymphocyte counts in patients suffering 
from hepatitis C receiving a combinatory therapy of pegylated interferon (PEG-IFN) 
and ribavirin (83).
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8.4.3  Parasites
A study established that a fish oil diet is efficient in the elimination of Eimeria ten-

ella, whereas this fat is not beneficial in the reduction of Eimeria maxima infection. In 
fact, fish oil may exert adverse effects because it exacerbates lesions at high parasite 
doses (84). The effect of dietary lipids on host resistance to infection has also been 
explored in models infected with Plasmodium berghei. The administration of a diet 
containing fish oil did not lead to decreased resistance to infection. This event was 
associated with an enhanced ex vivo production of proinflammatory cytokines, IL-1 and 
TNF, by peritoneal cells, whereas the reduction of prostaglandin synthesis did not 
appear to play an important role during the course of P. berghei infection (62). It has 
been determined that mice fed vitamin E-deficient diets containing n-3 polyunsaturated 
fatty acids survived to infection with lethal Plasmodium yoelii. Indeed, these results 
underline the importance of cellular oxidative processes in parasite elimination (85). 
Finally, another study reported a reduction in the number of both adult worms and lar-
vae from Trichinella spiralis in rats fed a diet supplemented with fish oil, although a 
loss of weight was detected after infection in animals fed a fish oil-enriched diet (86).

8.4.4  Fungi
Little information about the impact of dietary lipids in infections promoted by fungi 

has been published. However, Oarada et al. investigated the action of either EPA or 
DHA on host resistance to Paracoccidioides brasiliensis infection. Thus, this investiga-
tion demonstrated that mice fed palm oil supplemented with DHA showed reduced 
antifungal activity in both spleen and liver, as compared with mice fed palm oil or soy-
bean oil without supplementation with DHA. In addition, mice fed DHA-supplemented 
soybean oil also showed reduced antifungal activity in the liver, but the extent of reduc-
tion was less severe. Nevertheless, this reduction in antifungal activity was not observed 
with EPA-supplemented palm oil or EPA-supplemented soybean oil. Therefore, these 
authors conclude that DHA, but not EPA, reduces host resistance against this patho-
genic fungus (87). On the other hand, intravenous administration to volunteers of an 
emulsion of medium-chain lipids, or an emulsion of pure long-chain lipids produced 
different responses to Candida albicans infection. These authors conclude that medium 
chain lipids, but not long-chain lipids increase susceptibility to C. albicans, and as a 
result they augment the risk for infections by this microorganism (88).

8.4.5  Others
Administration of n-3 polyunsaturated fatty acid is related to the reduction of the 

proinflammatory biological mediator induced by Escherichia coli LPS. These altera-
tions may exert beneficial effects because n-3 polyunsaturated fatty acid intake, either 
via parenteral emulsion or dietary administration, increased the survival of guinea pigs 
after LPS injection, exerting a protective effect (89). The treatment with fish oil diet-
induced leucocyte integrin expression, increased plasma ICAM-1 levels, and enhanced 
IL-6 production, as well as, mieloperoxidase activity in various organs from a murine 
model in which polymicrobial sepsis was induced (90). A recent study has determined 
that the treatment of different neuronal cells with EPA and DHA in vitro leads to an 
increase of prion formation, in spite of the fact that these polyunsaturated fatty acids are 
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related to a diminution of cholesterol content. There is not a convincing reason to 
explain these effects, but altered cell signaling activity within prion-infected cells 
occurs after long-chain n-3 polyunsaturated fatty acid administration. In addition, EPA 
and DHA are capable of increasing the activation of PLA

2
 that is required for PrPSc 

formation (91).

8.5  CONCLUSIONS AND PERSPECTIVES

It should be obvious that any factors that increase the risk of infection are of clinical 
and public health importance. Consequently, it is also evident that n-3 polyunsaturated 
fatty acids are responsible for an important impact on immune system functions, although 
they represent two faces of the same coin because this potential action may cause either 
beneficial or adverse effects. Thus, polyunsaturated fatty acids have been applied in the 
resolution of diseases characterized by an overactivation of immune system due mainly 
to their anti-inflammatory properties. By a strict contrast, high amounts of polyunsatu-
rated fatty acids could be responsible for an immunosuppressive state and for an increase 
in the susceptibility to infectious microorganisms. Whereas increasing the intake of poly-
unsaturated fatty acids to certain levels may not result in beneficial effects in healthy 
individuals, it may be effective in preventing and treating certain inflammatory disorders. 
In short, by modulating fatty acids in a regulated fashion, the therapeutic implications 
will be enormous. However, caution should be recommended because an excessive 
amount may impair host resistance to infection. This is particularly true for infants and 
the elderly, the major targets for n-3 polyunsaturated fatty acids supplementation, who 
constitute the main groups at risk of sepsis. Similarly, in critically ill patients, administra-
tion of n-3 polyunsaturated fatty acids is not associated with any apparent clinical ben-
efits, and it may produce adverse effects in some subgroups of patients. Therefore, other 
alternatives to classical lipid emulsions are being developed for parenteral application in 
the clinical practice. The verification of main mechanisms by which certain dietary lipids 
may modulate immune functions, and the identification of products and optimal dosages 
applied in critically ill patients is crucial for clinical nutrition. On the other hand, the 
threshold dose of n-3 polyunsaturated fatty acids for causing impaired resistance in ani-
mals is not clearly established, and whether this result can be extrapolated to humans has 
yet to be verified. Therefore, it is necessary to determine the mechanisms of the effects 
of certain fatty acids contained in the diet on increased susceptibility to infection and 
when and how they can be reversed. In addition, in vitro studies should define the action 
of fatty acids on different types of cells, as well as precise the more appropriate dosage 
to be administered. Finally, it is important to know how n-3 polyunsaturated fatty acids 
affect host immune response to a broader diversity of human infectious pathogens.

REFERENCES

 1. Wolowczuk I, Verwaerde C, Viltart O, Delanoye A, Delacre M, Pot B, Grangette C (2008) Feeding our 
immune system: impact on metabolism. Clin Dev Immunol 2008:639803

 2. Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira K, Foy E, Loo YM, Gale M 
Jr, Akira S, Yonehara S, Kato A, Fujita T (2005) Shared and unique functions of the DExD/H-box heli-
cases RIG-I, MDA5, and LGP2 in antiviral innate immunity. J Immunol 175:2851–2858

 3. Takeda K, Kaisho T, Akira S (2003) Toll-like receptors. Annu Rev Immunol 21:335–376



150 Martínez et al.

 4. Weatherill AR, Lee JY, Zhao L, Lemay DG, Youn HS, Hwang DH (2005) Saturated and polyunsatu-
rated fatty acids reciprocally modulate dendritic cell functions mediated through TLR4. J Immunol 
174:5390–5397

 5. de Pablo MA, Alvarez de Cienfuegos G (2000) Modulatory effects of dietary lipids on immune system 
functions. Immunol Cell Biol 78:31–39

 6. Fritsche K (2006) Fatty acids as modulators of the immune response. Annu Rev Nutr 26:45–73
 7. Mills SC, Windsor AC, Knight SC (2005) The potential interactions between polyunsaturated fatty 

acids and colonic inflammatory processes. Clin Exp Immunol 142:216–228
 8. Calder PC (2001) Polyunsaturated fatty acids, inflammation, and immunity. Lipids 36:1007–1024
 9. Fritsche K (2007) Important differences exist in the dose-response relationship between diet and 

immune cell fatty acids in humans and rodents. Lipids 42:961–979
 10. Kromann N, Green A (1980) Epidemiological studies in the Upernavik district, Greenland. Incidence 

of some chronic diseases 1950–74. Acta Med 208:401–406
 11. Stubbs CD, Smith AD (1984) The modification of mammalian polyunsaturated fatty acid composition 

in relation to membrane fluidity and function. Biochim Biophys Acta 779:89–137
 12. Stillwell W, Wassall SR (2003) Docosahexaenoic acid: membrane properties of a unique fatty acid. 

Chem Phys Lipids 126:1–27
 13. Grimble RF, Tappia PS (1995) The modulatory influence of unsaturated fatty acid on the biology of 

tumor necrosis factor. Biochem Soc Trans 287:282–286
 14. Hughes DA, Pinder AC, Piper Z, Johnson IT, Lund EK (1996) Fish oil supplementation inhibits the 

expression of major histocompatibility complex class II molecules and adhesion molecules on human 
monocytes. Am J Clin Nutr 63:267–272

 15. Stulnig TM (2003) Immunomodulation by polyunsaturated fatty acids: mechanisms and effects. Int 
Arch Allergy Immunol 132:310–321

 16. Viola A, Schroeder S, Sakakibara Y, Lanzavecchia A (1999) T lymphocyte costimulation mediated by 
reorganization of membrane microdomains. Science 283:680–682

 17. Switzer KC, McMurray DN, Morris JS, Chapkin RS (2003) (n-3) polyunsaturated fatty acids promote 
activation-induced cell death in murine T lymphocytes. J Nutr 133:496–503

 18. Shapiro AC, Wu D, Meydani SN (1993) Eicosanoids derived from arachidonic and eicosapentaenoic 
acids inhibit T cell proliferative response. Prostaglandins 45:229–240

 19. Marcinkiewicz J (1991) In vitro cytokine release by activated murine peritoneal macrophages: role of 
prostaglandins in the differential regulation of tumor necrosis factor alpha, interleukin 1, and inter-
leukin-6. Cytokine 3:327–332

 20. Gruner S, Volk HD, Falck P, Baehr RV (1986) The influence of phagocytic stimuli on the expression 
of HLA-DR antigens: role of reactive oxygen intermediates. Eur J Immunol 16:212–215

 21. Visioli F, Bellomo G, Galli C (1998) Free radical-scavenging properties of olive oil polyphenols. 
Biochem Biophys Res Commun 247:60–64

 22. Yaqoob P (2003) Fatty acids as gatekeepers of immune cell regulation. Trends Immunol 24:639–645
 23. Kawai T, Akira S (2006) TLR signaling. Cell Death Differ 13:816–825
 24. Devchand PR, Keller H, Peters JM, Vazquez M, Gonzalez FJ, Wahli W (1996) The PPARalpha-

leukotriene B4 pathway to inflammation control. Nature 384:39–43
 25. Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS, Devchand P, Wahli W, Willson 

TM, Lenhard JM, Lehmann JM (1997) Fatty acids and eicosanoids regulate gene expression through 
direct interactions with peroxisome proliferator-activated receptors alpha and gamma. Proc Natl Acad 
Sci USA 94:4318–4323

 26. Chiu LC, Wan JM (1999) Induction of apoptosis in HL-60 cells by eicosapentaenoic acid (EPA) is 
associated with downregulation of bcl-2 expression. Cancer Lett 145:17–27

 27. de Pablo MA, Susin SA, Jacotot E, Larochette N, Costantini P, Ravagnan L, Zamzami N, Kroemer G 
(1999) Palmitate induces apoptosis via a direct effect on mitochondria. Apoptosis 4:81–87

 28. Reddy Avula CP, Zaman AK, Lawrence R, Fernandes G (1999) Induction of apoptotic mediators in 
Balb/c splenic lymphocytes by dietary n-3 and n-6 fatty acids. Lipids 34:921–927

 29. Arita K, Kobuchic H, Utsumia T, Takehara Y, Akiyama J, Horton AA, Utsumi K (2001) Mechanism of 
apoptosis in HL-60 cells induced by n-3 and n-6 polyunsaturated fatty acids. Biochem Pharmacol 
62:821–828



151Chapter 8 / Dietary Lipids and Host Defense

 30. Cury-Boaventura MF, Gorjão R, de Lima TM, Newsholme P, Curi R (2006) Comparative toxicity of 
oleic and linoleic acid on human lymphocytes. Life Sci 78:1448–1456

 31. Sanderson P, MacPerson GG, Jenkins CH, Calder PC (1997) Dietary fish oil diminishes the antigen 
presentation activity of rat dendritic cells. J Leuk Biol 62:771–777

 32. Shaikh SR, Edidin M (2006) Polyunsaturated fatty acids, membrane organization. T cells, and antigen 
presentation. Am J Clin Nutr 84:1277–1289

 33. Shaikh SR, Edidin M (2007) Immunosuppressive effects of polyunsaturated fatty acids on antigen 
presentation by human leukocyte antigen class I molecules. J Lipid Res 48:127–138

 34. Kankaanpää PE, Salminen SJ, Isolauri E, Lee YK (2001) The influence of polyunsaturated fatty acids 
on probiotic growth and adhesion. FEMS Microbiol Lett 194:149–153

 35. Kankaanpää PE, Yang B, Kallio HP, Isolauri E, Salminen SJ (2002) Influence of probiotic supple-
mented infant formula on composition of plasma lipids in atopic infants. J Nutr Biochem 13:364–369

 36. Hekmatdoost A, Feizabadi MM, Djazayery A, Mirshafiey A, Eshraghian MR, Yeganeh SM, Sedaghat 
R, Jacobson K (2008) The effect of dietary oils on cecal microflora in experimental colitis in mice. 
Indian J Gastroenterol 27:186–189

 37. Das UN (2002) Essential fatty acids as possible enhancers of the beneficial actions of probiotics. 
Nutrition 18:786–789

 38. Field CJ, Johnson IR, Schley PD (2002) Nutrients and their role in host resistance to infection. J Leukoc 
Biol 71:16–32

 39. Puertollano MA, Puertollano E, Alvarez de Cienfuegos G, de Pablo MA (2007) Significance of olive 
oil in the host immune resistance to infection. Brit J Nutr 98:S54–S58

 40. Kremer J, Lawrence DL, Jubiz W, DiGiacomo R, Rynes R, Bartholomew LE, Sherman M (1990) 
Dietary fish oil and olive oil supplementation in patients with rheumatoid arthritis: clinical and immu-
nologic effects. Arthritis Rheum 33:810–820

 41. Kelley DS (2001) Modulation of human immune and inflammatory responses by dietary fatty acids. 
Nutrition 17:669–673

 42. Anderson M, Fritsche KL (2002) (n-3) Fatty acids and infectious disease resistance. J Nutr 
132:3566–3576

 43. de Pablo MA, Puertollano MA, Alvarez de Cienfuegos G (2002) Biological and clinical significance of 
lipids as modulators of immune system functions. Clin Diagn Lab Immunol 9:945–950

 44. de Pablo MA, Puertollano MA, Alvarez de Cienfuegos G (2000) Immune cell functions, lipids and host 
natural resistance. FEMS Immunol Med Microbiol 29:323–328

 45. Kos WL, Loria RM, Snodgrass MJ, Cohen D, Thorpe TG, Kaplan AM (1979) Inhibition of host resist-
ance by nutritional hypercholesteremia. Infect Immun 26:658–667

 46. Kos WL, Kos KA, Kaplan AM (1984) Impaired function of immune reactivity to Listeria monocy-
togenes in diet-fed mice. Infect Immun 43:1094–1096

 47. Rubin RH, Wilkinson RA, Xu L, Robinson DR (1989) Dietary marine lipid does not alter susceptibility 
of (NZBxNZW)F1 mice to pathogenic microorganisms. Prostaglandins 38:251–262

 48. Shinomiya N, Tsuru S, Fujisawa H, Taniguchi M, Zinnaka Y, Nomoto K (1988) Effect of a high-fat diet 
on resistance to Listeria monocytogenes. J Clin Lab Immunol 25:97–100

 49. Puertollano MA, de Pablo MA, Alvarez de Cienfuegos G (2001) Immunomodulatory effects of dietary 
lipids alter host natural resistance of mice to Listeria monocytogenes infection. FEMS Immunol Med 
Microbiol 32:47–52

 50. Puertollano MA, de Pablo MA, Alvarez de Cienfuegos G (2002) Relevance of dietary lipids as modulators 
of immune functions in cells infected with Listeria monocytogenes. Clin Diagn Lab Immunol 9:352–357

 51. de Pablo MA, Puertollano MA, Gálvez A, Ortega E, Gaforio JJ, Alvarez de Cienfuegos G (2000) 
Determination of natural resistance of mice fed dietary lipids to experimental infection induced by 
Listeria monocytogenes. FEMS Immunol Med Microbiol 27:127–133

 52. Fritsche KL, Shahbazian LM, Feng C, Berg JN (1997) Dietary fish oil reduces survival and impairs 
bacterial clearance in C3H/Hen mice challenged with Listeria monocytogenes. Clin Sci 92:95–101

 53. Turnock L, Cook M, Steinberg H, Czuprynski C (2001) Dietary supplementation with conjugated lino-
leic acid does not alter the resistance of mice to Listeria monocytogenes infection. Lipids 36:135–138

 54. Fritsche KL, Anderson M, Feng C (2000) Consumption of eicosapentaenoic acid and docosahexaenoic 
acid impair murine interleukin-12 and interferon-gamma production in vivo. J Infect Dis 182:S54–S61



152 Martínez et al.

 55. Fritsche KL, Byrge M, Feng C (1999) Dietary omega-3 polyunsaturated fatty acids from fish oil reduce 
interleukin-12 and interferon-gamma production in mice. Immunol Lett 65:167–173

 56. Huang SC, Misfeldt ML, Fritsche KL (1992) Dietary fat influences Ia antigen expression and immune 
cell populations in the murine peritoneum and spleen. J Nutr 122:1219–1231

 57. Puertollano MA, Puertollano E, Ruiz-Bravo A, Jimenez-Valera M, de Pablo MA, Alvarez de Cienfuegos 
G (2004) Changes in the immune functions and susceptibility to Listeria monocytogenes infection in 
mice fed dietary lipids. Immunol Cell Biol 82:370–376

 58. Puertollano MA, de Pablo MA, Álvarez de Cienfuegos G (2003) Antioxidant properties of N-acetyl-l-
cysteine do not improve the immune resistance of mice fed dietary lipids to Listeria monocytogenes 
infection. Clin Nutr 22:313–319

 59. Fritsche K, Irons R, Pompos L, Janes J, Zheng Z, Brown C (2005) Omega-3 polyunsaturated fatty acid 
impairment of early host resistance against Listeria monocytogenes infection is independent of neu-
trophil infiltration and function. Cell Immunol 235:65–71

 60. Cruz-Chamorro L, Puertollano MA, Puertollano E, Álvarez de Cienfuegos G, de Pablo MA (2007) 
Examination of host immune resistance against Listeria monocytogenes infection in cyclophospha-
mide-treated mice after dietary lipid administration. Clin Nutr 26:631–639

 61. D’Ambola JB, Aeberhard EE, Trang N, Gaffar S, Barrett CT, Sherman MP (1991) Effect of dietary (n-3) 
and (n-6) fatty acids on in vivo pulmonary bacterial clearance by neonatal rabbits. J Nutr 121:1262–1269

 62. Blok WL, Vogels MT, Curfs JH, Eling WM, Buurman WA, van der Meer JW (1992) Dietary fish-oil 
supplementation in experimental gram-negative infection and in cerebral malaria in mice. J Infect Dis 
165:898–903

 63. Thors VS, Erlendsdóttir H, Olafsson O, Gunnarsson E, Haraldsson A (2004) The improved survival of 
experimental animals fed with fish oil is suppressed by a leukotriene inhibitor. Scand J Immunol 
60:351–355

 64. Björnsson S, Hardardóttir I, Gunnarsson E, Haraldsson A (1997) Dietary fish oil supplementation 
increases survival in mice following Klebsiella pneumoniae infection. Scand J Infect Dis 29:491–493

 65. Thors VS, Thórisdóttir A, Erlendsdóttir H, Einarsson I, Gudmundsson S, Gunnarsson E, Haraldsson A 
(2004) The effect of dietary fish oil on survival after infection with Klebsiella pneumoniae or 
Streptococcus pneumoniae. Scand J Infect Dis 36:102–105

 66. Paul KP, Leichsenring M, Pfisterer M, Mayatepek E, Wagner D, Domann M, Sonntag HG, Bremer HJ 
(1997) Influence of n-6 and n-3 polyunsaturated fatty acids on the resistance to experimental tubercu-
losis. Metabolism 46:619–624

 67. Mayatepek E, Paul K, Leichsenring M, Pfisterer M, Wagner D, Domann M, Sonntag HG, Bremer HJ 
(1994) Influence of dietary (n-3)-polyunsaturated fatty acids on leukotriene B4 and prostaglandin E2 
synthesis and course of experimental tuberculosis in guinea pigs. Infection 22:106–112

 68. McFarland CT, Fan YY, Chapkin RS, Weeks BR, McMurray DN (2008) Dietary polyunsaturated fatty 
acids modulate resistance to Mycobacterium tuberculosis in guinea pigs. J Nutr 138:2123–2128

 69. Jordao L, Lengeling A, Bordat Y, Boudou F, Gicquel B, Neyrolles O, Becker PD, Guzman CA, 
Griffiths G, Anes E (2008) Effects of omega-3 and -6 fatty acids on Mycobacterium tuberculosis in 
macrophages and in mice. Microbes Infect 10:1379–1386

 70. Pierre M, Husson MO, Le Berre R, Desseyn JL, Galabert C, Béghin L, Beermann C, Dagenais A, 
Berthiaume Y, Cardinaud B, Barbry P, Gottrand F, Guery BP (2007) Omega-3 polyunsaturated fatty 
acids improve host response in chronic Pseudomonas aeruginosa lung infection in mice. Am J Physiol 
Lung Cell Mol Physiol 292:1422–1431

 71. Clouva-Molyvdas P, Peck MD, Alexander JW (1992) Short-term dietary lipid manipulation does not 
affect survival in two models of murine sepsis. JPEN J Parenter Enteral Nutr 16:343–347

 72. Peck MD, Alexander JW, Ogle CK, Babcock GF (1990) The effect of dietary fatty acids on response 
to Pseudomonas infection in burned mice. J Trauma 30:445–452

 73. Tiesset H, Pierre M, Desseyn JL, Guéry B, Beermann C, Galabert C, Gottrand F, Husson MO (2009) 
Dietary (n-3) polyunsaturated fatty acids affect the kinetics of pro- and antiinflammatory responses in 
mice with Pseudomonas aeruginosa lung infection. J Nutr 139:82–89

 74. Chang HR, Dulloo AG, Vladoianu IR, Piguet PF, Arsenijevic D, Girardier L, Pechère JC (1992) Fish 
oil decreases natural resistance of mice to infection with Salmonella typhimurium. Metabolism 
41:1–2



153Chapter 8 / Dietary Lipids and Host Defense

 75. Eicher SD, McVey DS (1995) Dietary modulation of Kupffer cell and splenocyte function during a 
Salmonella typhimurium challenge in mice. J Leukoc Biol 58:32–39

 76. Byleveld PM, Pang GT, Clancy RL, Roberts DC (1999) Fish oil feeding delays influenza virus clear-
ance and impairs production of interferon-gamma and virus-specific immunoglobulin A in the lungs of 
mice. J Nutr 129:328–335

 77. Byleveld M, Pang GT, Clancy RL, Roberts DC (2000) Fish oil feeding enhances lymphocyte prolifera-
tion but impairs virus-specific T lymphocyte cytotoxicity in mice following challenge with influenza 
virus. Clin Exp Immunol 119:287–292

 78. Peterson KM, O’Shea M, Stam W, Mohede IC, Patrie JT, Hayden FG (2009) Effects of dietary sup-
plementation with conjugated linoleic acid on experimental human rhinovirus infection and illness. 
Antivir Ther 14:33–43

 79. Courreges C, Benencia F, Monserrat AJ (2001) Effect of dietary fish oil on mouse ocular herpes sim-
plex type I infection. Nutr Res 21:229–241

 80. Beli E, Li M, Cuff C, Pestka JJ (2008) Docosahexaenoic acid enriched fish oil consumption modulates 
immunoglobulin responses to and clearance of enteric reovirus infection in mice. J Nutr 138:813–819

 81. Xi S, Cohen D, Barvec S, Chen LH (2001) Fish oil suppressed cytokines and nuclear factor-kappaB 
induced by murine AIDS virus infection. Nutr Res 21:865–878

 82. Bell SJ, Chavali S, Bistrian BR, Connolly CA, Utsunomiya T, Forse RA (1996) Dietary fish oil and 
cytokine and eicosanoid production during human immunodeficiency virus infection. JPEN J Parenter 
Enteral Nutr 20:43–49

 83. Kawashima A, Tsukamoto I, Koyabu T, Murakami Y, Kawakami T, Kakibuchi N, Takaguchi K, Kita 
K, Okita M (2008) Eicosapentaenoic acid supplementation for chronic hepatitis C patients during com-
bination therapy of pegylated interferon-2b and ribavirin. Lipids 43:325–333

 84. Allen PC, Danforth H, Levander OA (1997) Interaction of dietary flaxseed with coccidia infections in 
chickens. Poult Sci 76:822–827

 85. Taylor DW, Levander OA, Krishna VR, Evans CB, Morris VC, Barta JR (1997) Vitamin E-deficient 
diets enriched with fish oil suppress lethal Plasmodium yoelii infections in athymic and scid/bg mice. 
Infect Immun 65:197–202

 86. Gómez García V, Sanz Sampelayo MR, Fernández Navarro JR, Carmona López FD, Gil Extremera F, 
Rodríguez Osorio M (2003) Polyunsaturated fatty acids and parasitism: effect of a diet supplemented 
with fish oil on the course of rat trichinellosis. Vet Parasitol 117:85–97

 87. Oarada M, Tsuduki T, Suzuki T, Miyazawa T, Nikawa T, Hong-quan G, Kurita N (2003) Dietary sup-
plementation with docosahexaenoic acid, but not with eicosapentaenoic acid, reduces host resistance to 
fungal infection in mice. Biochim Biophys Acta 1622:151–160

 88. Wanten GJ, Netea MG, Naber TH, Curfs JH, Jacobs LE, Verver-Jansen TJ, Kullberg BJ (2002) 
Parenteral administration of medium- but not long-chain lipid emulsions may increase the risk for 
infections by Candida albicans. Infect Immun 70:6471–6474

 89. Mascioli E, Leader L, Flores E, Trimbo S, Bistrian B, Blackburn G (1988) Enhanced survival to endo-
toxin in Guinea pigs fed IV fish oil emulsion. Lipids 23:623–625

 90. Hsu CS, Chiu WC, Yeh CL, Hou YC, Chou SY, Yeh SL (2006) Dietary fish oil enhances adhesion 
molecule and interleukin-6 expression in mice with polymicrobial sepsis. Brit J Nutr 96:854–860

 91. Bate C, Tayebi M, Diomede L, Salmona M, Williams A (2008) Docosahexaenoic and eicosapentaenoic 
acids increase prion formation in neuronal cells. BMC Biol 12:6–39



155

9 Long Chain Polyunsaturated Fatty 
Acids: Immunomodulators in Disease

Jean-Luc Desseyn and Frédéric Gottrand

Key Points

(•	 n-3)	LCPUFA	metabolites	induce	eicosanoid	and	docosanoid	production,	alter	gene	
expression	and	modify	lipid	raft	composition	altering	T-cell	signaling	all	contribute	
to	immunological	functional	changes.
The	interventional	studies	that	have	been	performed	for	prevention	of	allergy,	infec-•	
tious	and	inflammatory	diseases	confirmed	influence	on	T-cell	function	and	cytokine	
profiles	but	clinical	beneficial	effects	are	more	conflicting.

Key Words:	 Immunity,	 polyunsaturated	 fatty	 acids,	 eicosapentaenoic	 acid,	 docosa-
hexaenoic	acid,	arachidonic	acid,	allergy,	infectious	disease.

9.1  INTRODUCTION

The	immune	system	protects	the	host	against	pathogenic	organisms	and	also	ensures	
	tolerance	 to	 “self”,	 to	 food	 and	 other	 environmental	 components,	 and	 to	 commensal	
bacteria.	It	is	now	recognized	that	regulation	of	tolerance	and	active	immune	responses	
are	critical	to	health,	and	failure	to	regulate	these	responses	can	lead	to	recurrent	infec-
tions,	 inflammatory	 diseases,	 allergies,	 and	 cancer.	 Long	 chain	 polyunsaturated	 fatty	
acids	 (LCPUFA)	 have	 indeed	 been	 shown	 to	 influence	 immune	 system	 via	 different	
mechanisms,	which	are	been	recently	better	described	and	understood.

9.2  DIETARY POLYUNSATURATED FATTY ACIDS,  
NOMENCLATURE, BIOSYNTHESIS, AND SOURCE

Unsaturated	 fatty	 acids	 (FA)	 consist	 of	 monounsaturated	 FA	 (series	 n-9)	 and	
	polyunsaturated	FA	 (PUFA).	PUFA	are	divided	between	 the	 two	classes	n-3	and	n-6.	
These	two	classes	or	two	series	of	unsaturated	FA	have	in	common	a	final	carbon–carbon	

Dietary Components and Immune Function	
Edited	by:	R.R.	Watson	et	al.,	DOI	10.1007/978-1-60761-061-8_9		

©	Springer	Science+Business	Media,	LLC	2010



156 Desseyn and Gottrand

double	bond	in	either	the	n-3	or	the	n-6	position;	that	is,	the	third	and	the	sixth	bond	from	
the	end	of	 the	FA,	respectively.	The	 long-chain	PUFA	(LCPUFA)	contain	16	or	more	
carbons.	Most	natural	FA	are	in	the	cis	configuration	while	FA	usually	resulting	from	
human	processing	like	hydrogenation	or	produced	naturally	through	the	rumination	proc-
ess	are	trans	FA	(1).	The		conformational	freedom	is	more	restricted	for	cis	FA	than	for	
trans	 isoform	and	cis	 bonds	 limit	 the	 ability	of	FA	 to	be	 closely	packed,	 particularly	
when	they	are	part	of	the		phospholipid	bilayer	in	cell	membranes.

The	majority	of	FA	in	mammal	tissues	are	nonessential.	They	are	both	endogenously	
synthesized	 and	 dietarily	 supplied.	 LCPUFA	 are	 indispensable	 for	 life	 and	 are	 not	
	synthesized	de	novo	by	mammals	that	lack	the	enzyme	to	introduce	a	double	bond	at	
the	n-3	position	or	n-6	position.	A	schematic	representation	of	the	three	main	LCPUFA	
is	given	in	Fig.	9.1.	Furthermore,	LCPUFA	from	the	n-3	and	n-6	series	cannot	be	inter-
converted	due	to	the	lack	of	the	enzyme.	However,	mammals	are	capable	of	synthesiz-
ing	LCPUFA	by	a	common	series	of	elongases	and	desaturases	from	the	two	precursors	
(Fig.	9.2),	which	are	linoleic	acid	(LA,	18:2,	n-6)	and	alpha	linolenic	acid	(ALA,	18:3	
n-3).	Thus,	ALA	and	LA	are		dietary	essential.	LA	is	the	precursor	of	the	arachidonic	

Fig. 9.1.	 Nomenclature	schematic	for	the	three	main	essential	PUFA.	First,	last	and	carbon	determin-
ing	the	serie	(n-3	or	n-6)	are	numbered.	Only	trans	isomers	are	represented	to	gain	space.

Fig. 9.2.	 Anabolic	pathway	of	essential	LCPUFA.
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acid	 (AA,	20:4	n-6)	while	ALA	is	 the	precursor	of	 the	eicosapentaenoic	acid	 (EPA,	
20:5	n-3)	and	the	docosahexaenoic	acid	(DHA,	22:6	n-3).	The	first	step	consists	of	the	
action	of	a	D6	desaturase,	which	acts	preferentially	on	n-3	PUFA	over	(n-6)	PUFA.	The	
two	D	desaturases	are	widely	expressed	in	human	tissues,	with	the	highest	expression	
in	liver	(2).	Both	D5	and	D6	desaturases	are	suppressed	by	dietary	PUFA	and	several	
works	reported	that	these	enzymes	might	be	less	active	in	elder	people	and	in	infant	
(3).	Furthermore,	it	seems	that	whole	body	conversion	of	18:3n-3	to	22:6n-3	is	very	
low	in	humans	(below	5%),	and	depends	on	the	concentration	of	LCPUFA	brought	by	
the	diet	(4–6).

Tissue	FA	composition	of	cell	membrane	diet	reflects	FA	composition	of	the	diet	(7–9).	
Furthermore,	PUFA	are	metabolized	to	a	number	of	competitive	eicosanoids	and	docosa-
noids	(see	after),	which	are	crucial	in	the	regulation	of	the	immune	system.	Therefore,	the	
ratio	between	(n-6)	and	(n-3)	PUFA	in	diet	rather	than	their	absolute	amounts	are	highly	
important.	Vegetable	oils	are	the	main	sources	of	LA	and	the	main	sources	of	(n-3)	PUFA	
for	human	consumption	are	vegetable	oils	and	fish.	LCPUFA	in	fish	come	mainly	from	
marine	microalgae.	FA	composition	of	fish	is	a	reflection	of	the	food	available	to	the	fish	
and	the	FA	content	is	strongly	influenced	by	the	geographical	area	in	which	the		animal	
lives	and	the	season	of	the	year	(10).	According	to	Larsson	et	al.	(11)	the	total	fat	is	very	
high	for	Pacific	herring	(18.5	g/100	g),	Atlantic	mackerel	(16.0	g/100	g),	Atlantic	salmon	
(12.0	g/100	g),	and	sardines	(14.8	g/100	g)	with	the	highest	ratios	(n-3)/(n-6)	FA	for	sar-
dines	 (11.11),	 mackerel	 (7.14),	 and	 herring	 (5.88).	 The	 ratio	 is	 3.85	 for	 the	 Atlantic	
salmon	while	the	ratio	is	16.67	for	the	Pacific	salmon,	which	contains	less	total	fat	(5.2	
g/100	g).	LA	is	found	in	the	chloroplast	of	green	leafy	vegetables,	with	a	high	proportion	
comparing	 to	 the	 (n-3)	LCPUFA	 in	corn,	 sunflower,	 and	 safflower	while	 flaxseed	and	
canola	are	enriched	in	alpha-linolenic	acid	(18:3	n-3)	(12).

As	 the	concentrations	of	LCPUFA	increase	 in	organisms	and	as	 they	move	up	 the	
food	chain,	the	ratio	of	(n-6)/(n-3)	LCPUFA	in	human	reflects	the	ratio	absorbed	in	the	
diet.	Since	the	dawn	of	civilization	some	10,000	years	ago,	tribes	of	hunters	and	gather-
ers	began	to	cultivateplant	crops	and	eat	domesticated	animals.	This	leads	to	a	major	
change	of	human	food	consumption	with	a	change	in	the	ratio	(n-6)/(n-3)	LC	PUFA	(13,	
14).	It	is	usually	admitted	that	this	ratio	tends	to	be	>15	while	it	used	to	be	<5	or	even	
equal	 to	 	1.	The	consumption	of	 (n-6)	LCPUFA	increased	remarkably	during	 the	 last	
100–150	years	with	the	modern	vegetable	oil	industry	and	new	agriculture	practices	(3).	
This	period	of	time	was	too	short	(<500	generations)	for	our	genes	to	evolve	and,	con-
sequently,	 we	 live	 in	 a	 nutritional	 environment	 that	 differs	 from	 that	 for	 which	 our	
genetic	constitution	was	selected	(14).	Thus,	a	decrease	in	the	amount	of	(n-3)	LCPUFA	
and	an	increase	of	dietary	(n-6)	LCPUFA	have	led	to	an	imbalance	and	an	increase	in	
the	ratio	of	(n-6)/(n-3)	LCPUFA.

9.3  MECHANISM OF ACTION AND BIOLOGICAL  
FUNCTIONS OF LCPUFA

Several	 molecular	 mechanisms	 whereby	 (n-3)	 LCPUFA	 act	 in	 the	 modulation	 of	
many	 biological	 functions	 have	 been	 demonstrated.	 These	 mechanisms	 include	 (1)	
alteration	 of	 cell	 membrane	 fluidity,	 (2)	 alteration	 of	 the	 raft	 lipid	 composition,	 (3)	
effects	on	eicosanoids,	and	(4)	modification	of	transcription	factor	activity.
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9.3.1  Cell Membrane Properties
The	major	LCPUFA	in	cell	membranes	is	AA.	LCPUFA	play	an	important	role	in	

	membrane	structure	and	modification	in	the	ratio	(n-6)/(n-3)	can	thus	affect	membrane	
protein	function.	FA	composition	of	membranes	affects	their	fluidity	(15).	Furthermore,	
the	FA	environment	likely	affects	the	binding	of	many	proteins	to	their	receptor	local-
ized	at	the	cell	surface	(3).

9.3.2  Raft Lipid Composition
Closely	 related	 to	 the	 cell	 membrane	 are	 microdomains	 called	 lipid	 rafts.	 These	

domains	within	the	plasma	membrane	represent	a	platform	that	compartmentalizes	and	
facilitates	protein–protein	interactions,	and	it	has	been	suggested	that	LCPUFA	compo-
sition	 of	 the	 lipid	 rafts	 may	 modulate	 these	 interaction	 and/or	 affect	 protein	 co-	 and	
posttranslational	lipidation	like	N-myristoylation,	which	subsequently	may	modify	the	
protein	targeting	to	lipid	rafts	(16).

9.3.3  Effects on Eicosanoids and Docosanoids
The	LCPUFA,	particularly	EPA	(n-3)	and	AA	(n-6),	are	converted	into	eicosanoids,	

which	 are	 lipids	 that	 modulate	 inflammatory	 and	 immune	 responses	 (Fig.	 9.3).	
However,	AA	is	 the	major	precursor	 for	eicosanoids	because	AA	if	 found	 in	higher	
levels	in	cell	membranes	compared	to	EPA.	One	particularity	is	that	LCPUFA	of	the	
two	series	compete	as	substrates,	after	being	released	from	membrane	phospholipids	

Fig. 9.3.	 Synthesis	of	eicosanoids	with	inflammatory	activity.	Membranes	contain	mainly	AA	com-
pared	to	EPA.	HPEP	hydroperoxyeicosapentaenoic	acid,	LT	leukotriene,	PG	prostaglandin,	HPETE	
hydroperoxyeicosatetraenoic,	TX	thromboxane.
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by	various	phospholipases,	for	cyclooxygenases	to	produce	prostaglandins	and	throm-
boxanes,	 and	 lipoxygenases	 (high	 activity	 in	 neutrophils)	 to	 produce	 leukotrienes,	
hydroxy	 FA,	 and	 lipoxins	 (11).	 The	 simple	 picture	 is	 that	 EPA-derived	 eicosanoids	
(Fig.	9.3)	are	lipid	mediators	with	anti-inflammatory	effects	while	AA-derived	eicosa-
noids	 have	 more	 potent	 biological	 functions	 with	 proinflammatory	 effects	 (17).	
However,	some	AA-derived	eicosanoids	like	prostaglandin	E2	(PGE2)	may	also	show	
anti-inflammatory	properties	(18).	The	thromboxane	synthetase	synthesizes	the	throm-
boxane	A2	(TXA2),	which	is	derived	from	AA	and	TXA3,	which	is	derived	from	EPA.	
TXA2	 is	 a	vasoconstrictor	 and	 a	potent	 aggregator	while	TXA3	 is	biologically	 less	
active	than	TXA2	(19).

In	 addition	 to	production	of	 eicosanoids,	EPA	and	DHA	are	precursors	 to	potent	
bioactive	 mediators	 that	 possess	 both	 anti-inflammatory	 and	 protective	 properties.	
These	 mediators	 were	 coined	 resolvins,	 docosatrienes,	 and	 protectins	 as	 general	
classes,	since	each	possesses	unique	chemical	structures	that	are	features	of	the	new	
chemical	classes	and	are	biosynthesized	by	new	pathways	(20).	Resolvins	are	specific	
lipid-derived	mediators	initiated	by	lipoxygenases	that	are	involved	in	the	resolution	
phase	of	acute	inflammation	(21).	Docosatrienes	contain	conjugated	triene	structures	
generated	from	DHA	as	a	defining		feature.	The	protectins	comprise	docosatrienes	and	
resolvins	of	 the	D	 series	 that	have	both	 a	neuroprotective	 and	an	anti-inflammatory	
function	(22).

9.3.4  Modification of Transcription Factor Activity
PUFA	 control	 gene	 transcription	 by	 two	 mechanisms	 (for	 review,	 see	 Schmitz	 et	

Ecker	 (23)).	 In	 the	 first	one,	LCPUFA	and	 their	metabolites	 interact	with	G	protein-
coupled	 receptor	 (GPCR).	 It	 has	 been	 reported	 that	 a	 deficient	 diet	 for	 (n-3)	 PUFA	
reduced	the	signaling	efficiency	in	rat	retinal	rod	outer	segments	(24).	It	has	also	been	
shown	that	PGE2	and	leukotriene	B4	(LTB4)	interact	with	various	GPCR	implicated	in	
physiological	processes	and	inflammation	in	host	defense	(25,	26).

In	 the	 other	 mechanism,	 PUFA	 control	 gene	 transcription	 by	 direct	 interaction	 of	
PUFA	with	transcription	factors.	Several	experimental	data	showed	in	cell	culture	that	
(n-3)	LCPUFA	inhibit	nuclear	factor	kB	(NFkB)	directly	though	decreased	degradation	
of	IkB,	the	inhibitory	subunit	of	NFkB	(23,	27,	28).	The	team	of	JX	Kang	generated	a	
transgenic	mouse	 strain	carrying	 the	 fat-1	gene	 from	Clostridium elegans.	This	gene	
encodes	an	enzyme	that	converts	(n-6)	LCPUFA	to	(n-3)	LCPUFA	(29).	The	authors	
have	shown	 that	 the	 transgenic	mice	are	protected	 from	colitis	 through	a	decrease	 in	
NFkB	activity	(30).	LCPUFA	modulates	also	gene	transcription	activity	via	peroxysome	
proliferator	activated	receptors	(PPAR).	PPAR	activation	controls	several	genes	impli-
cated	in	lipid	metabolism.

It	 has	 been	 reported	 that	 EPA	 and	 DHA	 are	 natural	 ligands	 of	 PPAR	 and	 that	
eicosanoids	are	much	stronger	activator	of	PPAR	than	LCPUFA	(23).	It	has	also	been	
shown	 that	DHA	can	bind	 retinoid	X	 receptors	 (RXR)	 (31),	which	normally	 form	
homodimers	 or	 heterodimers	 with	 retinoic	 acid	 receptors	 (RAR).	 These	 receptors	
play	multiple	roles	 in	the	lipid	metabolism	and	catabolism	(31)	and	binding	of	FA	
stimulates	 an	 exchange	 of	 coactivators	 for	 corepressors	 on	 the	 chromatine-bound	
receptor	(32).



160 Desseyn and Gottrand

9.4  BIOLOGICAL FUNCTIONS

9.4.1  Growth and Maturation of the Nervous System
During	the	pre	and	postnatal	period	(n-3)	and	(n-6)	PUFA	are	required	for	normal	

growth	and	maturation	of	numerous	organ	systems,	most	importantly	the	brain	and	eye	
(33).	As	a	major	component	of	the	cell	membranes,	DHA	plays	a	critical	role	on	the	
development	of	visual	system	and	cognitive	development	(34,	35).	Such	properties	have	
recently	increased	the	interest	of	DHA	in	preventing	cognitive	decline	in	dementia	such	
as	Alzheimer	disease	(36)	and	various	neurological	diseases.

9.4.2  Anti-Inflammatory Properties
(n-3)	LCPUFA	have	anti-inflammatory	properties	via	various	mechanisms.	EPA	and	

DHA,	 overall	 suppress	 eicosanoids	 associated	 with	 systemic	 inflammatory	 response	
syndrome	and	shift	to	the	less	biologically	active	3-series	prostaglandins	and	5-series	
leukotrienes	 (37).	 In	 addition	 to	 (n-3)	 LCPUFA	 modulation	 of	 eicosanoids,	 a	 novel	
group	 of	 mediator	 termed	 E-series	 resolvins	 formed	 from	 EPA	 by	 cyclooxygenase	
(COX)-2	have	been	shown	in	cell	culture	and	animal	models	to	be	anti-inflammatory	
(20,	38).	Other	mechanisms	have	been	demonstrated,	including	surface	receptor	modu-
lation,	binding	to	transcription	factors	(e.g.,	NFkB),	gene	interactions	and	generation	of	
growth	factors	(39).

9.4.3  Cancer
(n-3)	 LCPUFA	 consumption	 has	 long	 been	 associated	 with	 a	 lower	 incidence	 of	

colon,	breast	and	prostate	cancers	in	many	human	populations.	Human	trials	have	dem-
onstrated	 that	 (n-3)	 LCPUFA	 have	 profound	 anti-inflammatory	 effects	 in	 those	 with	
cancer.	Although	results	of	interventional	trials	are	conflicting,	recent	findings	indicate	
that	(n-3)	LCPUFA	act	synergistically	with	chemotherapeutic	agents	and	may	also	be	
used	 to	 enhance	 tumor	 radiosensitivity	 (40).	 In vitro	 and	 small	 animal	 studies	 have	
yielded	a	strong	body	of	evidence	establishing	(n-3)	FA	as	having	anti-inflammatory,	
antiapoptotic,	antiproliferative,	and	antiangiogenic	effects	(41).

9.4.4  Vascular Function
EPA	 and	 DHA	 can	 reduce	 blood	 pressure,	 improve	 arterial	 compliance	 in	 type	 2	

diabetics	and	dyslipidemics,	and	augment	endothelium-dependent	vasodilatation	(42).	
Furthermore,	EPA	and	DHA	as	 ethyl	 esters	 inhibit	platelet	 aggregability,	 and	 reduce	
serum	triglycerides	while	leaving	other	serum	lipids	essentially	unaltered.	Proatherogenic	
cytokines	are	reduced,	as	are	markers	of	endothelial	activation.	Endothelial	function	is	
improved;	vascular	occlusion	is	reduced;	and	the	course	of	coronary	atherosclerosis	is	
mitigated.	 Heart	 rate	 is	 reduced,	 and	 heart	 rate	 variability	 is	 increased	 by	 EPA	 and	
DHA.	An	antiarrhythmic	 effect	 can	be	demonstrated	on	 the	 supraventricular	 and	 the	
ventricular	level.	Several	studies	showed	reductions	in	clinical	endpoints	such	as	sudden	
cardiac	death	or	major	adverse	cardiac	events	(43).
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9.4.5  Effect on Adipose Tissue
EPA	and	DHA	have	been	shown	to	inhibit	key	enzymes	responsible	for	lipid	synthe-

sis,	 such	as	FA	synthase	and	stearoyl-CoA	desaturase-1,	enhance	 lipid	oxidation	and	
thermogenesis,	 and	 prevent	 free	 FA	 from	 entering	 adipocytes	 for	 lipogenesis.	 PUFA	
also	exert	suppressive	effects	on	several	key	factors	involved	in	adipocyte	differentiation	
and	fat	storage	(44).

(n-3)	LCPUFA	induce	mitochondrial	biogenesis	and	beta-oxidation	in	adipose	tissue	
influencing	systemic	insulin	sensitivity	and	adiposity.	(n-3)	LCPUFA	ameliorate	the	low-
grade	inflammation	of	adipose	tissue	associated	with	obesity	and	induce	changes	in	the	
pattern	of	secreted	adipokines,	resulting	in	improved	systemic	insulin	sensitivity	(45).

9.4.6  Effects of LCPUFA on the Immune System
Today,	 it	 is	 clear	 that	 LCPUFA	 play	 a	 key	 role	 in	 the	 modulation	 of	 the	 immune	

system	 in	 many	 diseases.	 In	 addition	 to	 proinflammatory	 effects,	 prostaglandin	 E
2
	 –	

produced	 from	 (n-6)	 PUFA	 –	 exerts	 effect	 on	 the	 Th1/Th2	 balance.	 It	 decreases	 the	
production	 of	 the	 Th1-type	 cytokines	 interferon	 (IFNg)	 and	 interleukin	 2	 (IL-2),	
enhances	 the	 production	 of	 Th2-type	 cytokines	 IL-4	 and	 IL-5,	 and	 promotes	 IgE	
	synthesis	by	B-cells	(46,	47).

(n-6)	PUFA	are	essential	in	relation	to	a	thymus/thymocyte	accretion	of	AA	in	early	
development,	and	the	high	requirement	of	lymphoid	and	other	cells	of	the	immune	sys-
tem	for	AA	and	LA	for	membrane	phospholipids.	Low	(n-6)	PUFA	intakes	enhance,	
whereas	high	intakes	decrease	certain	immune	functions.	AA	metabolites	can	limit	or	
regulate	cellular	immune	reactions	and	can	induce	deviation	toward	a	Th2-like	immune	
response	(48).	By	competition	with	AA	for	several	enzymatic	pathways	(i.e.	prostaglan-
din	production),	(n-3)	LCPUFA	influence	the	Th1/Th2	balance.

As	mentioned	above,	(n-3)	LCPUFA	induce	also	direct	alteration	of	gene	expression	
through	 modification	 of	 transcription	 factor	 activity	 such	 as	 nuclear	 factor	 kappa	 B	
(NFkB).	 NFkB	 plays	 a	 role	 in	 inducing	 a	 range	 of	 inflammatory	 genes,	 including	
cyclooxygenase	 (COX-2),	 intercellular	 adhesion	 molecule	 (ICAM-1),	 vascular	 cell	
adhesion	molecule-1	 (VCAM-1),	E-selectin,	 tumor	necrozing	 factor	 (TNF-a),	 IL-1b,	
inductible	nitric	oxide	synthase	(iNOS),	acute	phase	protein,	in	response	to	inflamma-
tory	stimuli.	(n-3)	LCPUFA	decrease	the	activity	of	NFkB,	via	the	inhibition	of	IkB,	the	
inhibitory	 subunit	 of	NFkB.	 (n-3)	 LCPUFA	are	natural	 ligands	of	 nuclear	 receptors,	
such	 as	 PPAR	 a	 and	 g	 PPAR,	 are	 ligand-activated	 transcription	 factors	 present	 in	 a	
variety	of	cell	types,	including	inflammatory	cells	(49).	(n-3)	LCPUFA	have	also	been	
shown	 to	 influence	 the	 expression	 of	 adhesion	 molecules	 (ICAM-1,	 VCAM-1	 and	
E-selectin).	Adhesion		molecules	direct	the	leucocyte-endothelium	interactions,	transen-
dothelial	migration	of	leucocytes	and	leucocyte	trafficking	in	general	(37).

9.4.7  (n-3) LCPUFA and T-cell Function
Several	mechanisms	by	which	(n-3)	LCPUFA	can	affect	T	cells	have	been	identified	

(Table	9.1)	 (46,	50–52).	As	mentioned	above,	 (n-3)	LCPUFA	 in	membrane	compete	
with	AA	as	substrates	for	cyclooxygenase	and	lipoxygenase	enzymes	(Fig.	9.1).	(n-3)	
LCPUFA	decrease	the	production	of	AA-derived	eicosanoids	such	as	PGE2.	PGE2	is	
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immunosuppressive	at	high	concentration,	and	low	concentration	is	required	for	normal	
T-cell	function.	PGE-2	regulates	cellular	immune	responses	through	distinct	receptors	
on	different	immune	cell	populations:	some	receptors	directly	inhibit	T-cell		proliferation	
while	others	regulate	antigen	presenting	cell	functions	(52).

Incorporation	of	(n-3)	LCPUFA	into	membrane	phospholipids	modulates	membrane	
structure	and	function.	Indeed	incorporation	of	EPA	and	DHA	into	lymphocyte	mem-
branes	alters	their	fluidity	and	is	associated	with	the	effects	of	these	FA	on	T-cell	pro-
liferation.	 Lipid	 rafts	 are	 crucial	 for	 T-cell	 activation	 besides	 fences	 and	 pickets	 and	
protein–protein	interactions	that	take	part	in	the	formation	of	the	immunological	syn-
apse	as	a	highly	organized	structure	at	the	T-cell	contact	site	to	the	antigen-presenting	
cell	(53).	(n-3)	LCPUFA	treatment	alters	lipid	rafts	in	altering	the	protein	composition	
of	the	inner	membrane	lipid	leaflet	and	inhibits	T-cell	responses	(53,	54).

Both	in vitro	and	animal	feeding	studies	have	reported	that	the	(n-3)	LCPUFA	inhibit	
T-cell	proliferation,	production	of	IL-2	and	IFNg	and	surface	expression	of	CD25	(17).	
Human	studies	provide	more	conflicting	results	suggesting	the	actions	of	(n-3)	LCPUFA	
may	differ	according	to	the	situation:	age	of	the	patients,	Th1/Th2	balance,	dose	of	FA,	
and	experimental	conditions	(55).

9.5  LCPUFA AND IMMUNE FUNCTION IN EARLY LIFE

A	few	studies	have	suggested	that	early	intervention	with	(n-3)	LCPUFA	may	influence	
immune	functioning	and	may	affect	the	cytokine	phenotype	during	development.	Some	of	
these	studies	demonstrated	that	early	exposure	to	(n-3)	LCPUFA	during	fetal	and	neonatal	
period	has	a	prolonged	impact	on	Th1/Th2	immune	responses	and	T-cell	cytokine	profiles	
(56,	57).	Maternal	fish	oil	supplementation	during	the	first	4	months	of	lactation	resulted	
in	 an	 increased	 production	 of	 lipopolysaccharide-induced	 IFNg	 upon	 stimulation	 in	
2.5-year-old	children,	whereas	IL-10	production	was	similar	to	the	olive	oil	group.	The	
IFN-g/IL-10	ratio	was	twofold	higher	in	the	fish	oil	group	and	was	positively	correlated	
with	EPA/DHA	in	erythrocytes	at	4	months	(56).	Adding	DHA		+		AA	to	a	standard	infant	
formula	for	healthy	infants	increased	the	proportion	of	antigen	mature	(CD45RO+)	CD4+	
cells,	improved	IL-10	production,	and	reduced	IL-2	production	to	levels	not	different	from	
those	of	human	milk-fed	infants	(58).	Healthy	term	infants	receiving	the	same	formula	
supplemented	with	ARA	and	DHA	at	age	2	weeks	produced	less	TNF-a	(unstimulated)	
and	 had	 a	 higher	 CD3+CD44+	 cells	 before	 stimulation	 with	 phytohemagglutinin	 and	
higher	 CD11c+	 cells	 poststimulation	 (59).	 Compared	 with	 formula-fed	 controls,	 the	
infants	receiving	LCPUFA	had	an	immune	cell	distribution	(higher	percentage	CD3+CD44+	
and	CD4+CD28+	cells)	and	cytokine	profile	 (lower	production	of	TNF-a	poststimula-
tion)	that	did	not	differ	from	breast-fed	infants	(59).

All	these	results	demonstrate	that	early	diet	influences	both	the	presence	of	specific	
cell	types	and	function	of	infant	blood	immune	cells.

9.6  LCPUFA: IMMUNOSUPPRESSIvE EFFECTS?

Since	some	classes	of	FA	possess	immunosuppressive	properties,	the	issue	of	impair-
ment	of	host	resistance	to	infection	and	therefore	undesirable	effects	of	LCPUFA	have	
been	 subject	 to	 controversy	 (50,	60).	Studies	 conducted	 in	 animals,	 investigating	 the	
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influence	 of	 dietary	 FA	 on	 host	 survival	 and/or	 pathogen	 clearance	 in	 animals	 chal-
lenged	with	a	live	infectious	agent	are	inconclusive,	some	showing	that	(n-3)	LCPUFA	
improve	host	defense	(61–63)	and	others	showing	impairment	(64).	However,	most	of	
them	demonstrated	that	(n-3)	PUFA	induce	modulation	of	the	inflammatory	response	
that	can	 influence	 the	 response	 to	a	bacterial	challenge	 (64),	 rather	 than	producing	a	
generalized	immunosuppression	(65).

9.7  LCPUFA AND ALLERGY

The	increased	prevalence	of	atopic	disease	observed	in	western	countries	during	the	
last	decades	parallels	with	profound	changes	in	the	type	of	fat	consumed.	Intake	of	satu-
rated	FA	decreased,	while	(n-6)	PUFA,	mainly	LA	increased.	Several	epidemiological	
studies	support	the	hypothesis	of	the	link	between	increased	intake	of	LA	and	increased	
prevalence	of	allergic	disease	(66–69).

9.7.1  Observational Studies
Low	levels	of	(n-3)	LCPUFA	in	breast	milk	were	associated	with	increased	risk	of	

infant	atopy	(70).	Two-year	children	breast	fed	for	the	first	4	months	of	life	by	mothers	
with	a	high	intake	of	(n-3)	LCPUFA	had	a	significant	higher	production	of	IFNg	upon	
stimulation	 of	 whole	 blood	 compared	 to	 a	 control	 group	 with	 low	 maternal	 (n-3)	
LCPUFA	intake	during	lactation	(56).	In	a	case-control	study,	children	born	to	mothers	
with	a	history	of	asthma,	had	an	odd	 ratio	of	asthma	of	0.20	 (95%	CI	 	=	 	0.06–0.65)	
when	mothers	ate	oily	fish	at	least	monthly	during	pregnancy	compared	with	no	con-
sumption.	Maternal	oily	fish	consumption	during	pregnancy	did	not	benefit	children	of	
nonasthmatic	mothers	in	this	study	(71).	Other	studies	did	not	show	that	fetal	exposure	
to	(n-6)	and	(n-3)	FA	was	an	important	determinant	of	early	childhood	wheezing	and	
atopic	disease	in	the	general	population	also	suggesting	that	benefit	should	be	limited	
to	selected	population	of	high	risk	of	allergy	(72).	A	study	examined	LCPUFA	in	serum	
cholesteryl	esters	 in	relation	 to	asthma	and	 lung	function	 in	children.	Although	there	
was	a	strong	positive	association	between	AA	levels	and	current	asthma	and	a	negative	
association	with	forced	expiratory	volume,	levels	of	EPA	were	not	related	to	asthma	and	
impaired	lung	function	(72).	In	another	study	performed	in	308	Korean	children	aged	
4–6	years,	it	was	found	that	red	blood	cell	EPA+DHA	were	lower	in	children	with	atopy	
than	controls	while	AA	was	greater	(73).	Several	studies	in	adult	population	also	dem-
onstrated	a	negative	association	between	allergic	sensitization	and	fish	and	DHA	con-
sumption	(74).

9.7.2  Intervention Trials
Treatment.	 A	 number	 of	 trials	 of	 dietary	 supplementation	 with	 (n-3)	 LCPUFA	 in	

patients	with	asthma	have	been	performed.	Their	results	were	mainly	disappointing	show-
ing	no	consistent	effect	on	both	clinical	and	functional	respiratory	parameters	(75–78).	
The	effects	of	dietary	supplementation	with	fish	oil	for	10	months	in	children	with	bron-
chial	asthma	were	investigated	in	a	randomized	controlled	trial.	Asthma	symptom	scores	
decreased	and	responsiveness	to	acetylcholine	decreased	in	the	fish	oil	group	but	not	in	
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the	 control	 group	 plasma	 while	 EPA	 levels	 increased	 significantly	 only	 in	 the	 fish	 oil	
group	(79).	The	Childhood	Asthma	Prevention	Study	included	6	month-old	infants	at	risk	
of	developing	asthma	to	receive	either	EPA		+		DHA	or	placebo.	Although	no	effects	of	
fish	oil	was	observed	at	3	years	of	age	on	prevalence	of	asthma,	wheeze,	and	atopic	der-
matitis,	some	beneficial	effects	on	wheeze	at	1.5	year	of	age	(80)	and	cough	at	3	years	of	
age	were	observed	(80,	81).	Moreover,	no	effect	of	fish	oil	was	observed	on	the	prevalence	
of	asthma,	wheezing,	eczema,	or	atopy	at	the	age	of	5	years	(82).	Data	of	intervention	on	
atopic	eczema	in	adult	patients	give	also	conflicting	results	(83).

Prevention.	Since	allergies	appear	to	be	determined	early	in	life	or	even	antenatally,	
(n-3)	LCPUFA	intervention	should	be	more	efficient	early	in	life	for	preventing	allergic	
disease	 rather	 than	 treating	 allergy	 already	 installed	 later	 in	 life	 (84).	 Several	 recent	
studies	seem	to	support	 this	hypothesis.	Breast	milk	of	atopic	mothers	supplemented	
during	 pregnancy	 with	 dietary	 fish	 oil	 contains	 higher	 levels	 of	 (n-3)	 LCPUFA	 and	
lower	(n-6)	LCPUFA	than	those	of	controls	(85).	In	this	study,	the	(n-3)	PUFA	concen-
tration	of	breath	milk	on	day	3	postpartum	was	positively	associated	with	IgA,	IL-10,	
and	IL-6	and	soluble	CD14	levels	(86).	For	these	children,	IL-13	(a	predictor	of	allergic	
disease)	was	detected	in	64%	of	cord	plasma	samples	in	the	placebo	group	and	45%	of	
samples	 in	 the	 fish	oil	group	 (87),	and	percentages	of	CD34+	cell	numbers	 (that	are	
hematopoietic	 progenitors	 altered	 in	 infants	 at	 risk	 of	 atopy)	 were	 higher	 after	 (n-3)	
LCPUFA	 treatment	 than	 placebo	 (88).	 In	 this	 study,	 although	 no	 difference	 was	
observed	for	food	allergy,	asthma,	chronic	cough,	and	angiodema,	infants	in	the	fish	oil	
group	were	one-third	as	likely	to	have	a	positive	skin	prick	test	to	egg	at	1	year	of	age	
and	 less	 severe	 atopic	 dermatitis	 compared	 to	 the	 placebo	 group	 (89).	 A	 recent	
	meta-analysis	of	the	six	randomized	double	bind	studies	assessing	the	efficacy	of	(n-3)	
and	(n-6)	i.e.,	gamma	linolenic	acid	(GLA)	PUFA	concluded	that	supplementation	with	
these	nutrients	is	unlikely	to	be	associated	with	a	mark	reduction	in	risk	of	developing	
allergic	disease	such	as	atopic	dermatitis,	asthma,	allergic	rhinitis,	and	food	allergy	(90).	
It	 is,	 however,	 to	note	 that	 the	number	of	well-conducted	 studies	 in	 this	 area	 is	 low,	
including	heterogeneous	groups	of	patients	(lactating	mothers,	infants,	high-	and	low-
risk	 populations),	 and	 various	 combination	 and	 dose	 of	 PUFA	 (fish	 oil	 	±	 	GLA).	
Moreover	a	recent	study,	not	used	in	this	meta-analysis,	demonstrated	that	offspring	of	
mother	included	in	a	randomized	trial	receiving	fish	oil	capsule	from	30	weeks	of	gesta-
tion	 to	delivery	had	a	reduced	risk	of	asthma	at	 the	age	of	16	years	compared	 to	 the	
control	group	(91).

9.8  LCPUFA AND INFECTION IN HIGH-RISk PATIENTS

From	experimental	and	adult	studies,	there	is	a	strong	rationale	to	study	the	effect	of	
(n-3)	 LCPUFA	 in	 treatment	 and/or	 prevention	 of	 infections	 (i.e.,	 intensive	 care	 unit,	
prematurity,	cystic	fibrosis)	(60).

Excessive	or	inappropriate	inflammation	and	immunosuppression	are	components	of	
the	response	to	surgery,	trauma,	injury,	and	infection	in	some	individuals,	and	these	can	
lead	to	sepsis	and	septic	shock.	Hyperinflammation	is	characterized	by	the	production	
of	inflammatory	cytokines,	AA-derived	eicosanoids	and	other	inflammatory	mediators,	
while	the	immunosuppression	is	characterized	by	the	impairment	of	antigen	presentation	
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and	of	T-helper	lymphocyte	type-1	responses.	(n-3)	LCPUFA	should	indeed	be	helpful	
in	such	situations	(92).

Several	animal	models	support	 the	rational	of	using	(n-3)	PUFA	in	 the	prevention	of	
infection.	We	have	shown	that	a	5-week	diet	enriched	in	(n-3)	LCPUFA	improved	lung	and	
host	response	to	an	experimental	chronic	infection	with	Pseudomonas aeruginosa	with	the	
improvement	of	 the	distal	 alveolar	 fluid	 clearance,	 the	 recruitment	of	 the	 inflammatory	
cells,	and	the	inflammatory	response,	and	also	to	the	increase	of	lean	body	mass	(61).	We	
also	demonstrated	that	the	enriched	diet	in	DHA		+		EPA	modulates,	in	our	experimental	
model	of	 lung	 infection,	 the	balance	between	pro-	and	anti-inflammatory	cytokines	and	
alters	 the	 early	 response	 of	 the	 host	 to	 P. aeruginosa	 infection	 (93).	 Furthermore,	 lung	
infection	with	P. aeruginosa	induced	a	disregulation	of	the	large	mucins	Muc5b	and	Muc4,	
and	we	showed	that	if	dietary	LCPUFA	did	not	influence	mucin	gene	expression	in	lung	of	
healthy	mice	after	5	weeks	of	diet,	a	(n-3)	LCPUFA-enriched	diet	had	a	beneficial	suppres-
sive	effect	on	mucin	upregulation	and	(n-6)	LCPUFA	showed	an	opposite	effect	(enhanced	
expression	of	mucins)	leading	to	mucus	obstruction	(63).	Altogether,	these	experiments	on	
mice	 exposed	 to	 high	 (n-3)	 or	 (n-6)	 LCPUFA	 intakes	 and	 infected	 with	 P. aeruginosa	
strongly	supports	that	malnutrition	can	compromise	pulmonary	defenses	against	lung	bac-
terial	colonization	and	that	a	diet	enriched	in	EPA	and	DHA	may	be	used	as	a	preventive	
treatment	against	the	initial	colonization	of	P. aeruginosa.

A	 large	number	of	 clinical	 trials	have	been	performed	 in	patients	postsurgery	and	
with	 severe	 sepsis	 (94).	 These	 studies	 using	 parenteral	 or	 enteral	 nutrition	 products	
showed	 that	 (n-3)	 LCPUFA	 may	 influence	 leukocyte	 function	 and	 plasma	 lipids	 in	
	critical	 care	patients,	 i.e.,	 suppression	of	proinflammatory	cytokines	by	mononuclear	
leukocytes	(94).	These	studies	report	beneficial	outcome,	including	decreased	number	
and	 severity	 of	 infectious	 complications,	 decreased	 need	 for	 mechanical	 ventilation,	
decreased	length	in	intensive	care	unit	and/or	total	hospital	stay	(95),	and	even	reduction	
of	mortality	(96,	97).

Today,	there	are	very	few	studies	assessing	intervention	with	(n-3)	LCPUFA	in	infec-
tion	in	the	pediatric	population	(98–100).	The	administration	of	DHA	during	the	acute	
phase	of	sepsis	protected	the	nutritional	status	of	neonates	(99).	Indeed,	the	DHA	group	
presented	increases	in	body	mass	and	fat	mass,	whereas	infants	in	the	placebo	group	did	
not	show	an	increase	in	any	body	composition	components	after	14	days	of	follow-up.	
In	this	study,	no	difference	in	outcome	(mortality,	mechanical	ventilation)	and/or	sever-
ity	of	the	sepsis	(C-reactive	protein,	platelets)	could	be	demonstrated	(99).	In	a	recent	
study,	healthy	Thai	school	children	aged	9–12	years	consumed	milk	containing	placebo	
(soybean)	oil	(n		=		86)	or	fish	oil	(n		=		94)	in	5	days	per	week	for	6	months.	The	fish	oil	
group	showed	fewer	episodes	and	shorter	duration	of	illness	(mainly	upper	respiratory	
tract)	than	the	placebo	group	(100).

9.9  LCPUFA AND IMMUNE DISEASE (IBD,  
RHEUMATOLOGIC, SkIN…)

In	a	 review	of	 randomized	controlled	 trials	 from	1966	 to	2004,	 it	was	 shown	 that	
dietary	supplementation	with	(n-3)	LCPUFA	provides	modest	symptomatic	benefit	in	
groups	of	patients	with	rheumatoid	arthritis	(101).	In	a	meta-analysis	of	17	randomized,	
controlled	 trials	 assessing	 the	 pain	 relieving	 effects	 of	 (n-3)	 PUFA	 in	 patients	 with	
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rheumatoid	arthritis	or	joint	pain	secondary	to	inflammatory	bowel	disease	and	dysmen-
orrhea,	it	was	shown	that	(n-3)	PUFA	reduce	patient	reported	joint	pain	intensity,	min-
utes	 of	 morning	 stiffness,	 number	 of	 painful	 and/or	 tender	 joints,	 and	 nonsteroid	
anti-inflammatory	drug	consumption	(102).

Although	epidemiological	and	experimental	studies	suggest	that	(n-3)	LCPUFA	sup-
plementation	 may	 prevent	 or	 slow	 the	 progression	 of	 kidney	 disease,	 evidence	 from	
clinical	trials	is	inconsistent.	A	recent	meta-analysis	of	17	trials	(IgA	nephropathy,	dia-
betes,	lupus	nephritis)	shows	that	(n-3)	LCPUFA	supplementation	results	in	a	signifi-
cant	reduction	in	urine	protein	excretion,	a	marker	of	kidney	damage,	and	a	trend	(but	
no	significant)	slowing	the	decline	of	glomerular	filtration	rate,	and	a	marker	of	kidney	
function	(103).

In	 one	 previous	 double	 blind,	 placebo	 controlled	 study,	 78	 patients	 with	 Crohn’s	
disease	in	remission	received	1.8	g	of	EPA	and	0.9	g	of	DHA	per	day	for	1	year	(104).	
A	33%	absolute	reduction	 in	 the	1-year	 risk	of	 relapse	was	observed	 in	 the	group	of	
patients	 receiving	 (n-3)	 LCPUFA.	 Controversially,	 two	 independent	 trials	 performed	
with	the	same	design	in	374	and	379	patients,	respectively,	failed	to	demonstrate	any	
benefit	on	the	rate	of	relapse	(105).	A	systematic	review	of	six	double-blind	randomized	
controlled	studies	concluded	that	(n-3)	LCPUFA	are	safe	but	probably	ineffective	for	
maintenance	of	remission	in	CD	(106).

Fish	oil	has	been	shown	to	decrease	colonic	damage	and	inflammation,	weight	loss	
and	 mortality	 in	 animal	 models	 of	 colitis.	 Fish	 oil	 supplementation	 in	 patients	 with	
inflammatory	bowel	diseases	results	in	(n-3)	PUFA	incorporation	into	gut	mucosal	tis-
sue	and	modification	of	inflammatory	mediator	profiles	(107).	Clinical	outcomes	have	
been	variably	affected	by	fish	oil,	a	recent	Cochrane	review	of	six	randomized	control	
studies	in	active	ulcerative	colitis	patients	suggesting	some	positive	benefit	on	remission	
or		secondary	outcome.	However,	no	definitive	conclusion	could	be	drawn	due	to	small	
study	size	and	poor	study	quality	(108).

9.10  CONCLUSIONS AND PERSPECTIvES

There	 are	 strong	data	 from	experimental	 studies	 showing	 that	 (n-3)	LCPUFA	alter	
immune	cells	function	and	could	influence	immune	system.	(n-3)	LCPUFA	may	influ-
ence	 the	number	and/or	activity	of	certain	subpopulations	of	cells,	which	could	affect	
subsequent	 maturation	 and	 polarization	 of	 the	 immune	 system.	 Application	 during	
infancy	should	be	the	prevention	of	infection	and	allergy.	However,	mechanisms	involved	
are	complex	since	several	modes	of	action	have	been	described	(reduction	of	synthesis	
of	some	type	of	eicosanoids,	modification	of	gene	expression,	and	modification	of	sign-
aling	process).	Effects	on	immune	system	may	also	vary	according	to	age	and	polariza-
tion	Th1/Th2	immune	status,	dose	of	(n-3)	LCPUFA,	and	type	of	T	cells.	Effects	of	(n-3)	
LCPUFA	on	naturally	or	adaptative	Treg	cells	is	a	promising	but	largely	unexplored	area	
of	research	(109,	110).	Supplementation	of	the	maternal	diet	in	pregnancy	or	early	child-
hood	with	(n-3)	PUFA	may	provide	a	noninvasive	intervention	with	significant	potential	
to	prevent	 the	development	of	 allergic	 and	possibly	other	 immune-mediated	diseases.	
Preventive	effect	deserves	further	studies	in	several	inflammatory	processes.	One	promi-
sing	 perspective	 could	 also	 be	 associated	 (n-3)	 PUFA	 with	 other	 pharmacological	 or	
nutritional	approaches	in	preventing	or	limiting	immune	and	inflammatory	diseases.
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Derived Polyunsaturated Fatty  
Acids in Cancer
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Key Points

Omega-3 fatty acids (•	 w-3 FA) have shown their efficacy in the treatment of chronic 
and acute diseases due to their pleiotropic effects on cell signaling pathways linked 
to inflammation, angiogenesis, and cell cycle progression.
In a variety of human cancer cell lines derived from colonic, pancreatic, prostate, and •	
breast cancer, omega-3 fatty acids attenuated growth and induced apoptosis. Recent 
findings likewise indicate that w3-FA act synergistically with chemotherapeutic 
agents and may also be used to enhance tumor radiosensitivity.
This chapter sheds light on all relevant known pathway systems today taking also in •	
account recent epidemiologic studies on the nutritional role of w-3 FA in the preven-
tion of cancer development.

Key Words: Apoptosis, cancer, cyclooxygenase, docosahexaenoic acid, eicosanoids, 
eicosapentaenoic acid, lipid peroxidation, omega-3 fatty acids.

10.1  INTRODUCTION

Worldwide, cancer is newly diagnosed in about 11 million people per year and causes 
nearly nine million deaths (1). In developed countries, cancer contributes to one fourth 
of all deaths and is the second leading cause of mortality behind cardiovascular 
diseases.

In the last decades, the role of fatty acids in the context of cancer development and 
progression has thoroughly been investigated. It is clear from epidemiological studies 
that a high intake of saturated fat and/or animal fat increases the risk of colon and breast 
cancer (2, 3). On the other hand, certain polyunsaturated fatty acids, namely omega-3 
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fatty acids (w-3 FA), contained in fish oil were shown to inhibit the growth of a variety 
of human cancer cell lines in vitro (4). Diets rich in w-3 FA were claimed to reduce the 
risk of several types of cancer, including prostate, colorectal, and breast cancer (5). A 
large number of in vitro experiments showing profound antitumor effects of w-3 FA by 
suppressing neoplastic transformation, angiogenesis, and tumor cell growth (Fig. 10.1) 
supported this concept.

Early studies (6–8) demonstrated the potential to alter the fatty acid profile of tumor 
cells and to increase their content of w-3 FA either by supplementation of growth 
medium or by feeding animals a diet enriched in w-3 FA. This increase in w-3 FA con-
tent also markedly affected tumor cell sensitivity toward cytotoxic drugs as is outlined 
below in more detail. Furthermore, the w-3 FA eicosapentaenoic acid (EPA) decreased 
the uptake of saturated fatty acids, monounsaturated and w-6 polyunsaturated fatty acids 
in MCF-7 breast cancer cells (9) and dietary w-3 FA decreased the amount of linoleic 
acid uptake, the precursor of arachidonic acid, in hepatoma in vivo (10).

In contrast to w-3 FA, the role of w-6 FA seems to be double-edged as via different 
mechanisms they have the potential to both attenuate and promote tumor cell growth.

10.2  BIOLOGY Of UNSATURATED fATTY ACIDS: w-3 AND w-6 fA

Unsaturated fatty acids are divided into mono- and polyunsaturated fatty acids. From 
the first double bond of the polyunsaturated fatty acid (PUFA), regarded from the 
methyl end, the FA are further divided into w-3, w-6, and w-9 FA. Oleic acid (C18:1) is 

Fig. 10.1. Mechanisms of w-3 FA action in tumor growth. Cyclooxygenase (COX) II and inducible 
NO synthase (iNOS) are key propagators of tumor development and inhibitors of tumoricidal activity. 
→favors activity; ⊥ blocks activity.
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a monounsaturated FA, which can be synthesized by mammals, whereas w-3 and w-6 
FA are essential for humans. From the w-6 FA linoleic acid (C18:2n-6), arachidonic 
acid can be synthesized. In the case of w-3 FA, the human organism is only capable of 
synthesizing small amounts of EPA from a-linoleic acid (C18:3n-3) that is present in 
vegetable oil, especially in linseed oil.

Omega-6 FA, such as linoleic acid (C18:2) and AA (C20:2) are found in plant oils 
and fatty tissues of mammals, which represent the major part of FA in the diet of indus-
trialized societies. Long chain w-3 FAs like EPA and docosahexaenoic acid (DHA) are 
produced by algae and plankton and are mainly found in maritime sources. EPA (C20:5) 
and DHA (C22:6) can be found in a concentration of 0.1–1.2% in deep-sea fish and 
therefore are the main w-3 FA nutritional reservoir for humans. Diets enriched in w-3 
FA result in rapid incorporation of w-3 FA into cell membranes (11), and thereby 
change the ratio of w-3 FA to w-6 FA.

Cellular lipid membranes represent a dynamic high turnover barrier system, which 
separate the intracellular from the extracellular space. They are about half lipids and 
half proteins by mass. In recent years, cellular lipid bilayers have been characterized to 
contain distinct lipid membrane microdomains, and consecutively, the so-called lipid-
raft hypothesis has emerged. These lipid rafts were identified as detergent-resistant 
membrane (DRM) fractions isolated from cells and tissues and a large number of recep-
tors and signaling proteins were found in association with this lipid fraction (12). These 
plasma membrane microdomains result from distinct biophysical properties of lipid 
bilayers depending on the incorporation of cholesterol and the kind of fatty acids 
present. This also affects the fluidity of the lipid bilayer, i.e. characterizes the degree of 
disorder and the rate of reorientation.

Studies in model membrane systems demonstrated that packing of cholesterol with 
saturated and monounsaturated phospholipids is entropically more favorable and leads 
to a tighter packing with reduced cross-sectional area per lipid compared to polyunsatu-
rated phospholipids (13). Lipid rafts are characterized by a high concentration of cho-
lesterol and sphingolipids, such as sphingomyelin and glycolipids, and their polar 
lipids, contain mainly saturated fatty acyl residues (14). Sphingolipids and glycosyl-
phosphatidylinositol (GPI)-anchored proteins are attached exclusively to the outer leaf-
let of rafts (15), while transmembrane and intracellular proteins are targeted to 
membrane domains by acylation with fatty acyl moieties (16) like myristoylation and 
palmitoylation (17) whose high packing order facilitates their preferential interaction 
with membrane subdomains (18) and explains the enrichment of acylated proteins in 
lipid rafts under physiologic conditions.

Omega-3 FA incorporated into cell membranes alter the structural and functional 
state of lipid rafts due to their high degree of unsaturation. They are predominantly 
esterified into the sn-2 position of phosphatidylcholine and phosphatidyethanolamine 
phospholipids (19) and increase membrane fluidity (20) as the lipid order induced by 
the interaction of cholesterol with phosphatidylcholine and phosphatidyethanolamine is 
significantly reduced when these are esterified with polyunsaturated fatty acids in the 
sn-2 position compared to oleic acid (21). Incorporation of w-3 FA into the cell mem-
brane led to the displacement of cholesterol from the lipid raft fraction in endothelial 
cells (22). However, there may be cell-type specific differences, as cholesterol content 
of lipid rafts was unaffected by w-3 FA in Jurkat T-cells (23).
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Omega-3 FA also increase the transmembrane movement of lipids (“flip flop”) with 
DHA, due to its high degree of polyunsaturation, being most effective (24). By these 
mechanisms, w-3 FA affect the function and distribution of lipid raft-associated proteins 
both in the inner and outer leaflet of the cell membrane.

10.3  w-3 AND w-6 fA PUfAs ARE COMPETITIVE SOURCES  
fOR LIPID MEDIATOR GENERATION

10.3.1  Thromboxane, Prostaglandins, and Leukotrienes
Polyunsaturated fatty acids are incorporated into the lipid bilayer and serve as sub-

strates for phospholipases, cyclooxygenases (COX), and lipoxygenases (LO) (Fig. 
10.2). Upon dietary enrichment, the w-3 FA EPA competes with w-6 FA AA as a sub-
strate for these enzymes, thereby affecting the profile of lipid mediators generated dur-
ing inflammatory reactions (for review see (25)). The EPA-derived metabolites have 
lower biological activity compared to the analogous AA-derivatives. While AA is 
metabolized by COX to diene prostanoids (prostaglandins and thromboxane), by LOX 
to 4-series leukotrienes (tetraenoic leukotrienes) and hydroxyeicosatetraenoic acids 
(HETE), EPA is converted to triene-prostanoids by COX. Compared to the AA-derived 
TXA

2
, the EPA-derived COX-product of the 3-series TXA

3
 has considerably reduced 

pro-aggregatory and vasoconstrictive properties, while PGI
3
 possesses similar anti-

aggregatory and vasodilatative effects as PGI
2
. Moreover, EPA is a preferred substrate 

Fig. 10.2. Eicosanoids synthesis pathways. Depending on the fatty acid content of cellular mem-
branes, lipid mediators with different pro-inflammatory potency or pro-resolving properties are gener-
ated from omega-3 or omega-6 polyunsaturated fatty acids via the cyclooxygenase or lipoxygenase 
pathway. Pro-inflammatory arachidonic acid (AA) -derived 5-series leukotrienes, 2-series prostanoids, 
and thromboxane A

2
 and eicosapentaenoic acid derived 3-series prostanoids and 5-series leukotrienes 

with largely reduced inflammatory properties. Proresolving lipoxins are derived from AA while 
resolvins and protectins are generated from EPA.
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of 5-LOX. EPA-derived 5-series leukotrienes have partially antagonistic biological 
effects compared to the respective AA-derivatives.

More recently, novel lipid mediators derived from polyunsaturated fatty acids with 
pro-resolving activities on inflammatory processes have been identified in exudates 
from resolving inflammation and comprise the lipoxins, resolvins, and protectins (for 
review see 26). Their synthesis is favored by the transcriptional upregulation of neu-
trophil 15-LO by PGE

2
 andPGD

2
, the so-called eicosanoid switch (27). They are highly 

stereospecific and act in the pico- to nanomolar range (28, 29). They affect PMN 
recruitment and trafficking, expression of pro-inflammatory genes, reduce leukocyte-
mediated tissue injury, and take part in chemokine removal. Whether they also play a 
role in cancer development is currently unknown.

10.4  MODULATION Of THE INNATE IMMUNE  
RESPONSE BY w-3 fATTY ACIDS

Recent work of Lee and coworkers demonstrated that the activation of general pro-
inflammatory pathways, such as NF-kB and COX II expression, by saturated fatty acids 
and the inhibition of this induction by polyunsaturated fatty acids are mediated through 
a common signaling pathway derived from toll-like receptor (TLR)-4 (30). TLR-4 con-
veys signals as a part of innate immunity from the endotoxin receptor (CD14) on the 
surface of macrophages to the inner cell and may, likewise, be activated by saturated 
fatty acids. In recent years, a number of studies demonstrated attenuation of LPS-
induced NF-kB activation and subsequent transcription of pro-inflammatory genes by 
w-3 FA and several contributing mechanisms were identified.

First, w-3 FA can interfere at the level of the initiation of the TLR-dependent signaling 
(Fig. 10.3). Lipid A, antigenic constituent of the walls of gram-negative bacterial species 
is the major determinant of LPS avidity to TLRs. Depending on the kind of fatty acid 
acylated to the disaccharide, this markedly affects the agonistic properties of Lipid A on 
TLR4. While Lipid A is maximally stimulatory when acylated with saturated fatty acids, 
it acts in fact as an antagonist at TLR4 when it is deacylated or acylated with unsaturated 
fatty acids (31). Further studies then identified free fatty acids as direct ligands for TLRs 
with saturated fatty acids acting as agonists. In contrast, unsaturated fatty acids did not 
induce NF-kB activation and DHA was the most potent inhibitor of LPS-induced NF-kB 
activation, (30). This inhibition was also demonstrated when a constitutively active 
TLR4 was expressed but not with constitutively active MyD88 or NF-kB inducing kinase 
(NIK) (30), suggesting that the inhibitory effect occurs upstream from MyD88. In addi-
tion, DHA blocked TLR4-induced PI3kinase/Akt activation that is also located upstream 
of MyD88 (32). All together, these findings imply that DHA acts at the level of TLR4 or 
associated signaling molecules like CD14 and MD2 that are recruited to the signaling 
complex upon LPS binding (33) but does not involve alteration of TLR homo- or het-
erodimerization (34). In this context, Chu and coworkers demonstrated reduced binding 
of fluorescently labeled LPS to THP-1 monocytes upon treatment with EPA and DHA 
that was accompanied by reduced expression of CD14 (35).

Chronic inflammation may be a risk factor for cancer development and the activation 
of NF-kB and upregulation of COX-2 could be contributing factors.
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10.5  EffECTS Of OMEGA-3 fATTY ACIDS ON IMMUNE  
CELL fUNCTIONS

A number of studies demonstrated immunosuppressive effects of w-3 FA. This is 
associated with modulation of T-and B-cell activation and alteration of antigen presen-
tation by MHC class I and II proteins that seem – at least in part – to be related to altera-
tions of cell membrane composition and redistribution of signaling proteins. Key 
signaling proteins involved in T-cell activation such as the transmembrane linker for 
activation of T-cells (LAT) and src family protein-tyrosine kinases are highly concen-
trated in lipid rafts due to post-translational palmitoylation (36, 37). There is evidence 
from several studies that DHA directly modulates DRM that are considered representa-
tive for lipid rafts, and inhibits T-cell signaling. A recent in vitro study investigated the 
effects of DHA on IL-2 receptor-dependent signaling in Jurkat T-cells (38). Binding of 
IL-2 to the IL-2R leads to phosphorylation of Janus kinase that consecutively activates 
signal transducer and activators of transcription (STAT) proteins. DHA incorporation 
into Jurkat T-cells significantly altered the fatty acyl composition of DRM fractions that 
was accompanied by reduced cell surface expression of the IL-2R as well as displace-
ment to detergent soluble membrane (DSM) fractions. Also, STAT5a and STAT5b 
proteins were redistributed from DRM to DSM fractions. Two studies in TCR-transgenic 

Fig. 10.3. Stimulatory effect of saturated fatty acids (SFA) and inhibitory effect of polyunsaturated 
fatty acids (PUFA) on TLR-4-dependent signal transduction and consecutive gene transcription. DHA 
docosahexaenoic acid, TLR toll-like receptor, TIR Toll/interleukin-1 receptor, TRIF TIR domain 
containing adaptor protein inducing IFN-b, ISRE interferon stimulatory response element, TRAM 
TRIF-related adapter molecule, IRF interferon regulatory factor, IKK IkB kinase, TRAF tumor necrosis 
factor receptor-associated factor, TBK TANK-binding kinase, MAL MyD88 adapter like, IRAK inter-
leukin 1 receptor-associated kinase.
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mice investigated the effects of fish oil feeding on antigen-induced T-cell responses. 
Zhang and coworkers observed suppression of the proliferation of antigen-specific 
CD4+ T-cells with a consecutive reduction of the total number of CD4+ T-cells. However, 
a reduction in cell surface IL-2R was not observed (39). Similar results were obtained 
with splenocytes from TCR-transgenic mice fed a fish oil diet. Splenocytes isolated 
from these mice produced significantly less IL-2 upon antigen challenge compared with 
splenocytes from mice fed a control diet (40). A study by Anderson and Fritsche did not 
observe inhibition of antigen-induced CD4+ T-cell expansion by w-3 FA after adoptive 
transfer of TCR-transgenic T-cells but rather an increase in proliferation by omega-6 
fatty acids (41). However, this study markedly differed in the mode and time scale of 
antigen-challenge and this might account for the differing findings.

Both, EPA and DHA seem capable of suppressing lymphocyte proliferation (42) and 
IL-2 production (43), thereby reducing clonal expansion of antigen-specific T-cells. But 
only EPA impaired natural killer (NK) cell activity (42). Results on the effects of w-3 
FA on T-cell apoptosis are controversial. Studies in naïve Th1 cells, murine CD4+ 
T-cells and T-cell lines suggest that fish oil enhances activation-induced apoptosis (44). 
However, this was not observed in antigen-activated T-cells from TCR-transgenic mice 
(39). Several studies also demonstrated modulation of antigen-presenting cell (APC) 
functions by PUFAs. However, the underlying mechanisms are still incompletely under-
stood. One hypothesis is that PUFAs alter the conformation of MHC class I, and thereby 
enhance antigen presentation. This view is supported by the observations that DHA 
incorporation into mouse EL4 lymphoma cells simultaneously altered the expression of 
two MHC I epitopes that might relate to a conformational change due to alterations in 
lipid bilayer organization (45).

In contrast to these limited data on MHC class I, there is clear evidence that PUFAs 
affect MHC class II expression. Most studies demonstrated decreased basal expression 
of MHC class II and inhibition of LPS-induced MHC class II upregulation by APC (46). 
In unstimulated monocytes, EPA and DHA exerted antagonistic regulatory effects as 
EPA inhibited and DHA increased HLA-DR expression. In IFN-g-stimulated mono-
cytes, however, both EPA and DHA alone or in combination decreased HLA-DR 
expression (46, 47). Few studies showed discrepant findings and either observed no 
effect of PUFAs on MHC class II expression (48) or an increase (49). This might relate 
to differences in cell types studied, oxidation status, and activation stimulus used.

Besides these mechanistic studies in animal models and cell cultures, there are a 
number of studies in humans that investigated the effects of dietary fish oil or purified 
DHA or EPA on immune cell functions. In healthy humans, Thies and coworkers 
observed decreased lymphocyte proliferation and NK cell activity by fish oil but not by 
DHA alone (50). Work by Kelley et al. using a higher dosage of DHA (6 g/d compared 
to 3.8 g/d) observed decreased NK activity and lower concentrations of TNF-a and 
IL-1b while lymphocyte proliferation, IL-2 production, antibody generation and 
delayed-type hypersensitivity were unaffected (51). After major abdominal surgery, 
omega-3 FA led to simultaneous increases in cytolytic T-lymphocytes, (CD56+3+), anti-
gen presenting T-lymphocytes (CD3+HLADR+) and B-lymphocytes. Weiss and col-
leagues showed preservation of HLA-DR-positive cells (52) in postoperative patients 
receiving fish oil as opposed to soy bean oil while in the w-6 FA group HLA-DR-
positive cells significantly dropped.
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10.6  EffECTS Of OMEGA-3 fA ON THE COX-PATHWAY,  
TUMOR GROWTH, AND ANGIOGENESIS

COX-2 has been implicated to play an important role in tumorigenesis and tumor 
angiogenesis. Several studies showed enhanced COX-2 expression and PGE

2
 produc-

tion in gastric (53), colonic (54), lung (55), cervical (56), and pancreatic cancer (57), 
and in some studies high COX-2 expression was associated with poor prognosis (55, 
56). While no consistent overexpression of COX-2 is seen in prostate cancer, Shappell 
and coworkers reported that enhanced immunostaining correlated with higher tumor 
grade (58). In addition, COX-2 was not only expressed in tumor cells, but also in tumor 
supplying vessels (59). Also, animal experimental studies suggest an important role for 
COX-2 in mediating tumor growth and angiogenesis (59). In this context, Liu and cow-
orkers showed that overexpression of COX-2 alone led to mammary tumors in trans-
genic mice (60).

Extensive work studied the role of the COX/PGE
2
 pathway in different cancer cell 

lines and identified putative mechanisms involved. Repasky and coworkers showed that 
Ras-mediated intestinal epithelial transformation required COX-2-induced PGE

2
 signal-

ing (61). In colon and prostate cancer cells, PGE
2
 induced HIF-1a stabilization and 

nuclear translocation (62). Subsequently, upregulation of vascular endothelial growth 
factor (VEGF) expression was observed (62). In this context, the PGE

2
-induced VEGF 

secretion in prostate cancer cells was shown to involve an EP2 receptor-mediated 
increase in cAMP (63). VEGF is supposed to be closely associated with neovasculariza-
tion in developing tumors and increased levels of VEGF were observed both in preneo-
plastic lesions as well as in established colon cancer (64). Furthermore, PGE

2
 affected 

survival and apoptosis pathways in cancer cells. It induced anti-apoptotic proteins Bcl-2 
and Bcl-XL while levels of pro-apoptotic Bax were reduced (65), and promoted cell 
survival through the PI3kinase/Akt pathway (66). Also, synergism of PGE

2
 with epider-

mal growth factor receptor-dependent signaling mediating growth and migration of 
colon tumor cells was reported (67).

10.7  MODULATION Of THE COX/PGE
2
-PATHWAY  

BY POLYUNSATURATED fATTY ACIDS

Animal experimental studies demonstrated a strong inhibitory effect of diets contain-
ing w-3 FA on tumor growth and angiogenesis of chemically induced tumors (68) as 
well as mammary and colonic cancer cells transplanted into mice (69, 70). Also, in mice 
transplanted with human prostate cancer cells, dietary increase in w-3 FA impaired 
tumor cell proliferation, increased apoptosis, and reduced final tumor mass (71). These 
alterations were accompanied by decreased COX-2 protein and mRNA levels as well as 
reduced PGE

2
 and VEGF levels. Both, EPA and DHA attenuated tumor cell growth and 

reduced the generation of PGE
2
 and VEGF by cancer cells with EPA being more effec-

tive than DHA in vitro but equally effective in vivo (62). While a clear inhibiting effect 
of EPA on PGE

2
 generation was observed by Dommels and coworkers in Caco-2 

colonic cancer cells, they showed that administration of a stable PGE
2
 analog did not 

reverse the EPA-induced growth inhibition (72). Furthermore, in their study also AA 
similar to EPA reduced tumor cell proliferation despite the competitive effect of EPA 
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on AA-induced PGE
2
 generation. This is in line with the observations by Boudreau and 

coworkers who showed that w-3 FA inhibited growth of the colon cancer cell line HCT-
116 that does not express COX (73). Taken together, these observations strongly suggest 
that the growth inhibiting effect of w-3 FA on individual cancer cells involves pathways 
independent from COX/PGE

2
 while the inhibition of COX/PGE

2
/VEGF pathway seems 

to be of major importance for the reduced formation of tumor microvessels and may 
also play a role in metastasis induction. In this context, Denkins and coworkers showed 
that AA increased PGE

2
 production and invasiveness of melanoma cells while DHA and 

EPA had the opposite effects and also lowered expression of COX-2 (74). In line with 
that, targeting COX-2 is an emerging concept in anticancer therapy.

10.8  COX-INDEPENDENT PATHWAYS Of TUMOR  
GROWTH ATTENUATION BY w-3 fA

10.8.1  Lipid Peroxidation
There is good evidence that enhanced lipid peroxidation may play an important role 

in tumor cell growth inhibition by polyunsaturated fatty acids. Both AA and EPA induced 
the formation of malondialdehyde that could be partially reversed by the COX-inhibitor 
indomethacin (72). In animal experimental studies, incorporation of w-3 FA into the 
mitochondrial membrane coincided with the enhancement of colonocyte apoptosis (75, 
76) and enhanced generation of reactive oxygen species was shown in response to feed-
ing a fish oil diet and was accompanied by enhanced crypt cell apoptosis (77). The 
apoptosis-inducing potency of EPA and DHA can be further enhanced by conjugation of 
double bonds by alkaline treatment. Conjugated EPA and conjugated DHA induce strong 
lipid peroxidation and consecutive apoptosis as shown in DLD-1 colorectal adenocarci-
noma cells either in vitro or after transplantation into nude mice (78).

In colon cancer cell lines, DHA incorporated into inner mitochondrial membrane 
phospholipids enhanced oxidative stress and induced pro-apoptotic signaling (75). 
Enhanced oxidative stress seems to be causally related to colonocyte apoptosis as the 
apoptosis-inducing action of DHA could partially be reverted by treatment with 
lipophilic antioxidants that target the inner mitochondrial membrane (76). Recently, 
Kolar and coworkers identified mitochondrial calcium accumulation to be involved in 
apoptosis induction of DHA-primed colonocytes exposed to butyrate (79).

10.8.2  p53 Activation
Apoptosis caused by lipid peroxidation has been related to the activity of p53 (80). 

In DLD-1 cells, conjugated EPA via increased lipid peroxidation activated mutant p53 
and led to the induction of p53-dependent genes. This was followed by activation of 
both the mitochondrial as well as the receptor-mediated apoptosis inducing pathways 
(81). In prostate cancer cells that were treated with low dose DHA in combination with 
the COX-2 inhibitor celecoxib, Hsp70 and p53 activation were observed and accounted 
for enhanced tumor cell death (82). On the other hand, apoptosis induced by synergistic 
actions of DHA and butyrate through lipid peroxidation and mitochondrial calcium 
accumulation occurred independent from p53 (83).
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10.8.3  DNA Polymerases and Topoisomerases
Very recently, w-3 FA and their conjugated forms were shown to be strong inhibitors 

of DNA polymerases and topoisomerases that are critical to many cellular processes 
such as DNA replication, repair, and recombination (84). Among all, conjugated EPA 
had the strongest effect on the induction of apoptosis and inhibited both cell prolifera-
tion and cell cycle progression (84).

10.8.4  Impact of Pro-Survival Pathways Akt and NF-k B
The serine/threonine kinase Akt directly promotes cell survival and protects cells 

from apoptotic death by phosphorylating, and thereby inactivating components of the 
cell death machinery like caspase-9 and Bad. In addition, Akt by activating pro-survival 
transcription factors like NF-kB can also indirectly enhance cell survival as NF-kB is 
known to induce the transcription of pro-survival and anti-apoptotic genes (85) among 
them c-myc, cyclin-D1, VEGF, u-PA, and MMP-9 (86). In breast cancer cells, increased 
Akt activity has been reported to promote tamoxifen resistance (87). However, the treat-
ment of Akt-transfected MCF-7 human mammary carcinoma cells with EPA resulted in 
decreased Akt-1 activity, whereas linoleic acid increased it (88). The EPA-induced 
decrease in Akt-1 activity coincided with decreased Akt-protein kinase activity and led 
to enhanced susceptibility toward tamoxifen. These observations are in line with previ-
ous reports of inhibition of protein kinase activity by w-3 FA (89). Also, in the human 
breast cancer cell line MDA-MB-231, combined treatment with DHA and EPA resulted 
in the reduction of Akt-phosphorylation and nuclear NF-kB-DNA binding (90).

NF-kB has been found to be constitutively active (90) or to be induced by chemo-
therapy in different human tumor cell lines, and inhibition of NF-kB activation increased 
their radio- and chemosensitivity (91). It is now emerging that w3-FA exert their inhibi-
tory effects on inflammatory gene expression, at least in part, through direct actions on 
the intracellular signaling pathways which lead to activation of one or more transcrip-
tion factors such as NF-kB. Several studies demonstrated that w3-FA can down-regulate 
the activity of NF-kB. In cultured pancreatic cells, EPA prevented TNF-a-induced deg-
radation of the inhibitory subunit of NF-kB (IkB) (92), and in human monocytes, EPA 
or fish oil decreased endotoxin-induced activation of NF-kB that was associated with 
decreased IkB phosphorylation (93). These observations suggest direct effects of long 
chain w-3 FA on inflammatory gene expression via inhibition of NF-kB activation that 
may also contribute to their antitumor effects. Figure 10.4 summarizes the differential 
effects of w-6 (AA) and w-3 (EPA) fatty acids on these pathways and their effects on 
tumor cell survival, migration, and angiogenesis.

10.9  ROLE Of PPARs IN TUMORIGENESIS: IMPACT Of w-3 fA

Polyunsaturated fatty acids are natural ligands of peroxisome proliferator activated 
receptors (PPARs) which seem to be involved in events associated with inflammation, 
tumor initiation and progression. However, the roles of the different PPAR subtypes – 
also depending on the model studied – seem to be ambiguous. PPARs belong to the 
family of nuclear hormone receptors (NR) that comprises up to now 42 known recep-
tors. PPARs are expressed in a variety of tissues and different cell types. They het-
erodimerize with retinoid X receptors (RXRs), and then bind to PPAR-responsive 
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elements in target gene promoters. This usually leads to transcriptional activation. In the 
context of pro-inflammatory signaling, PPAR ligands were demonstrated to inhibit gene 
expression of pro-inflammatory mediators like tumor necrosis factor-a (TNFa), inter-
leukin-1b, interleukin-6, inducible nitric oxide synthase (iNOS), COX-2, and matrix 
metalloproteinase-9 (MMP-9). This is accommodated by inhibiting various transcrip-
tion factors like NF-kB by a process called “transrepression”, and the pathways involved 
in this regulatory process are now emerging. In the case of LPS-induced activation of 
iNOS the PAPRg ligand, rosiglitazone, recruited PPARg to the NCoR-HDAC3-TBL1-
TBLR1-repressor complex of the iNOS promoter and prevented its ubiquitination by 
SUMOylation (94), thereby keeping the iNOS gene in the repressed state.

In the context of cellular differentiation and proliferation, PPARd and PPARg were 
suggested to be regulated by the Wnt/b-catenin pathway that plays a central role in 
intestinal epithelial tissue renewal. However, concerning the roles of PPARs in the 
development and progression of intestinal cancer, available data are conflicting.

Fig. 10.4. Synergistic and antagonistic effects of omega-3 and omega-6 fatty acids on tumor cell 
survival, proliferation and tumor angiogenesis. Omega-3 fatty acids inhibit tumor cell growth via 
modulation of multiple signaling cascades that include reduced PGE

2
 synthesis, impairment of DNA 

repair, and inhibition of inflammatory cascades. They act synergistically with omega-6 fatty acids by 
increasing lipid peroxidation that promotes tumor cell death but are antagonistic to them with respect 
to PGE

2
-dependent tumor promoting signaling.
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Wnt ligands act through a receptor complex consisting of a seven-transmembrane 
receptor, the Frizzled receptor and Lrp5/6, a member of the LDL receptor family. Wnt-
initiated signaling targets the “destruction complex” consisting of two scaffolding pro-
teins, tumor suppressor adenomatosis coli (APC) and axin that bind b-catenin and two 
kinases, CKI and GSK3b. In the absence of Wnt signaling, newly synthesized b-catenin 
is phosphorylated by the kinases and assigned to ubiquitination and proteasomal degra-
dation. Upon Wnt activation, however, the kinase activity of the APC complex is inhib-
ited and non-phosphorylated b-catenin accumulates and translocates into the nucleus, 
where it binds to lymphoid enhancer factor/T cell factor (LEF/TCF). While in the 
absence of Wnt signaling LEF/TCF acts as a transcriptional suppressor, binding of 
b-catenin converts it into an activator and the transcription of TCF target genes, among 
them c-myc, cyclin D1, PPARd, and PPARg, is induced.

Patients suffering from familial adenomatous polyposis were shown to carry one 
defective APC allele and the loss of APC frequently occurs in sporadic colorectal can-
cers leading to constitutive activation of the b-catenin/LEF/TCF pathway.

10.9.1  PPARd
In line with these observations, PPARd levels were higher in colorectal tumors than 

in normal mucosal tissue and were shown to increase in response to APC inactivation 
or azoxymethane treatment (95, 96). Furthermore, transplantation of PPARd-null-
HCT116 cells into nude mice resulted in the reduced tumor formation (97) and treating 
ApcMin/+ mice with the specific PPARd ligand GW501516 increased the number and size 
of intestinal adenomas (98). Similarly, Stephen and coworkers demonstrated that 
PPARd activation stimulated proliferation of human breast and prostate cancer cell 
lines, but interestingly not colon cancer cells (99). These observations suggested a 
tumor-promoting effect of PPARd activation. To further clarify the involvement of 
PPARd on intestinal carcinogenesis, intercrossed mice were generated: ApcMin/+ 
PPARd−/− and Mlh1−/−PPARd−/− mice. Mlh1−/− mice carry a null mutation in the mis-
match repair (MMR) gene Mlh1 (100) that leads to the development of multiple tumors 
in these mice (101). In humans, germline mutations of the Mlh1 gene are involved in 
nonpolyposis colorectal cancer (102). Interestingly, PPARd deletion led to different 
effects depending on the genetic background: while the number of colon tumors 
increased in ApcMin/+ PPARd−/− (103), it was unaffected in Mlh1−/−PPARd−/− (100). 
Furthermore, PPARd levels were lowered in ApcMin/+ mice despite the increased levels 
of b-catenin. These observations suggest that PPARd is not regulated by b-catenin (103) 
and that the involvement of PPARd in tumorigenesis might be more complex as there 
seems to be a significant difference between lack of PPARd activation and cellular 
PPARd deficiency.

10.9.2  PPARg
In normal colonic mucosa, PPARg is differentially expressed along the crypt/villus axis 

with the highest levels of expression in postmitotic cells facing the intestinal lumen (104).
In cultured cancer cells, PPARg has mainly been associated with the inhibition of 

tumor growth although there are also reports on tumor enhancement (105). PPARg 
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 ligands induced growth arrest and cellular differentiation of colon cancer cells (106). 
This growth inhibition is accomplished through reduced S-phase entry by the inhibition 
of E2F/DP DNA binding (107) and phosphorylation of the retinoblastoma gene (108). A 
further study demonstrated that PPARg induced the cyclin-dependent kinase inhibitors 
p18 and p21, and decreased cyclin D1 expression (109). While these mechanisms were 
initially characterized in adipocyte differentiation, they were also observed in human 
lung carcinoma cell lines (110). Furthermore, PPARg activation inhibited the prolifera-
tion of several other human cancer cell lines derived from liposarcoma, breast adenocar-
cinoma, prostate cancer, colorectal carcinoma, pancreatic carcinoma, bladder cancer, and 
gastric carcinoma (reviewed in (111)). While two studies in tissue samples from color-
ectal and thyroid carcinomas reported mutations of PPARg that lead to impaired function 
(112), there is no evidence to support the hypothesis that carcinogenesis in general is due 
to impaired activity of PPARg as a large study that analyzed clinical cancer samples 
originating from different tissues did not observe PPARg gene mutations (113).

In addition to its modulating effect on cell cycle progression, PPARg seems to attenu-
ate tumor angiogenesis by both direct and indirect effects (for review see (114)). PPARg 
activation reduces endothelial cell proliferation, differentiation, and migration. The 
endogenous PPARg agonist 15d-PGJ2 reduced mRNA levels of VEGF receptors Flt1 
and Flt 2. In addition to the modulation of VEGF receptor expression, several studies 
demonstrated that PPARg activation also reduced the release of VEGF and basic fibrob-
last growth factor from tumor cells (115–117). In addition, impaired proteolysis due to 
reduced levels of urokinase plasminogen activator and increased plasminogen activator 
inhibitor type-1 (118) was observed. Also, the levels of leptin and TNFa, well known 
angiogenesis-inducing factors, were diminished (119, 120). Interestingly, the concentra-
tions of thiazolidinediones usually reached under antidiabetic therapy (121) are suffi-
cient to impair endothelial cell proliferation. In this context, the observation of a 
tendency toward lower colon cancer incidence in diabetic patients treated with thiazoli-
dinediones deserves further attention.

Polyunsaturated fatty acids are natural ligands of PPARs as shown by the inhibition 
of vascular calcification by w-3 FA via a PPARg-p38 MAPK pathway (122). While 
native w-3 FA are needed in relatively high doses to exert a biological effect and are not 
selective for PPAR subtypes, derivatives of fatty acids can also activate PPARs and 
convey PPAR-subtype specificity as shown in in vitro assays (123). In the context of 
inflammation, Sethi and colleagues showed that oxidized EPA and DHA were more 
potent than native fatty acids in reducing RNA levels of leukocyte adhesion receptors 
and adhesion of leukocytes to endothelial cells in vitro (124).

Taken together, a number of studies demonstrate antitumor effects of PPARg activa-
tion at the level of cell cycle regulation and by the impairment of tumor angiogenesis, 
while studies aiming to define the role of PPARd show conflicting results.

10.10  SYNERGISM Of w-3 fA WITH ANTINEOPLASTIC  
RADIO- AND CHEMOTHERAPY

Omega-3 fatty acids were shown to enhance the antitumor effects of both radio- and 
chemotherapy (for review see (125)). The increased sensitivity of different tumor cell 
lines toward radiation therapy was mainly attributed to the increased lipid peroxidation 
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and was reversed by the addition of the antioxidant a-tocopherol. This was shown in rat 
astrocytoma cells (126), N-methylnitrosourea-induced mammary tumors (127) as well 
as in colon carcinoma cell lines (128). In contrast to these observations, feeding athymic 
mice transplanted with MD-MBA-231 mammary carcinoma cells, a diet supplemented 
with fish oil did not enhance the radiation response despite reductions in tumor growth 
rate, cell proliferation, and tumor blood vessel density (129).

Omega-3 FA enhance the sensitivity of tumor cells toward chemotherapeutic agents 
and can convey chemosensitivity to previously unresponsive tumor cells. The mecha-
nisms by which w-3 FA exert their sensitizing effects not only include enhanced lipid 
peroxidation and oxidative stress (130), but also involve alteration of transport proteins 
(131), inhibition of COX-2 (132), Akt (88), and protein kinase C (133). Furthermore, 
growth inhibition by cell cycle arrest was demonstrated in Caco-2 cells simultaneously 
treated with 5-fluorouracil and DHA (134) as well as in mammary carcinoma exposed 
to genistein and EPA (135). In the case of doxorubicin and vincristine, the synergistic 
effects of DHA with these chemotherapeutics were also due to the increased cellular 
drug uptake as shown in a variety of tumor cells like mouse leukemia (136), human lung 
carcinoma and glioblastoma (137), and human neuroblastoma (138). Mechanistically, 
one study showed that the increased uptake of doxorubicin by lymphoma cells was 
caused by altered membrane permeability (139).

10.11  EPIDEMIOLOGIC STUDIES ON CANCER PREVENTION  
BY NUTRITIONAL w-3 fA

Despite the broad antitumor actions of w-3 FA reported in in vitro experiments and 
animal studies, epidemiologic data are not as clear. A meta-analysis over 38 prospective 
cancer incidence studies observed only a trend toward the reduced cancer risk for 
 colorectal cancer with increased intake of fish (5). Better evidence is provided by the 
European prospective investigation into cancer and nutrition study (140) which demon-
strated a significant reduction of risk for colorectal cancer due to fish consumption. This 
study was also included in a recent meta-analysis (141) showing that each extra con-
sumption of fish per week corresponded to a 4% lower risk for colorectal cancer, while 
the size of effect was clearly dependent on the contrast between the highest and lowest 
dose of fish consumption. So, the quantitative distribution of w-3 FA intake in the study 
cohort seems to have an important influence on the ability to measure statistically sig-
nificant effects. A similar effect was seen in the National Institutes of Health-AARP diet 
and health study cohort in which high intake of fat was associated with an increased risk 
of breast cancer in postmenopausal women (142).

The differential roles of w-3 and w-6 FA in breast and colonic carcinogenesis are 
of interest. Surely, there is need for more studies addressing this issue with adequate 
tools. However, one should keep in mind that both w-3 and w-6 FA confer cytotoxic 
effects on tumor cells by lipid peroxidation and oxidative stress. This may explain 
why intake of w-6 FA compared to saturated fatty acids can reduce cancer risk. On 
the other hand, w-3 and w-6 FA markedly differ in their effects on cell proliferation 
and tumor vessel formation that are promoted by PGE2, and generation of PGE2 is 
dependent on COX-2 expression. So, in tumor cells lacking COX-2 expression or with 
low expression of the enzyme, w-6 FA will rather be cytotoxic, and thereby prevent 
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cancer development, while in tumor cells expressing high levels of COX-2, w-6 FA 
will enhance tumor cell proliferation and also tumor vessel formation. In the case of 
breast cancer, a clear role for COX-2 as an oncogene has been established (for review 
see (143)) and altering the ratio of w-3 to w-6 FA toward w3-FA may be especially 
beneficial. Whether the differential expression of COX-2 in epithelial cells of breast 
cancer versus the stromal component of intestinal adenomas may also play a role has 
to be determined.

10.12  EffECT Of NUTRITIONAL w-3 fA SUPPLEMENTATION  
ON CANCER CACHEXIA AND DISEASE PROGRESSION

Next to invasive or noninvasive tumor growth, weight loss and cancer cachexia are 
hallmarks of advanced cancer and major causes of morbidity and mortality. While it is 
possible to increase energy and protein intake via the enteral or parenteral route, this 
seems to have little impact on patients’ progressive weight loss and life span prognosis 
(144). This has led to the suggestion of a partial metabolic block to the accretion of lean 
tissue in patients with cancer (145), which has been attributed to pro-inflammatory 
cytokines, alterations in the balance of neuroendocrine hormones, and specific tumor-
derived proteolytic and lipid-mobilizing factors. In recent years, several clinical studies 
have provided evidence for beneficial effects of fish oil administration in cancer 
cachexia and during radio- and chemotherapy. It has been suggested that EPA is capable 
of downregulating the production and action of a number of mediators of cachexia, such 
as IL-1, IL-6, TNFa, and proteolysis-inducing factor (146, 147). On the other hand, 
soybean oil emulsions seem to impede tumoricidal activity as compared to EPA (148).

However, while more than 50 studies were published in this field, a recent Cochrane 
analysis (144) revealed only five studies that met the quality criteria to be included. 
Taken together, these studies did not demonstrate a beneficial effect of EPA on cancer 
cachexia, survival time, and quality of life. While the study by Gogos and coworkers 
reported improved survival of cancer patients who received EPA (149), this finding was 
limited by incomplete reporting and unconfirmed survival data. In a post-hoc analysis 
of their study on pancreatic cancer patients who received a protein supplement with or 
without EPA, Fearon and coworkers showed a dose-dependent effect on weight gain in 
patients who received the protein supplement with EPA that was not observed in 
patients receiving the protein supplement without EPA (150). Despite the limitations of 
a post-hoc analysis, this observation points to a possible beneficial effect of EPA that 
may be masked by insufficient intake of EPA.

10.13  CONCLUSIONS AND PERSPECTIVES

In the past decade, overlapping signaling pathways regulating both inflammation and 
cancer development via interconnected signal transduction pathways have been identi-
fied. Interestingly, the w-3 FA EPA and DHA, well-known modulators of the immune 
response during inflammatory processes, are also potent inhibitors of tumor growth. By 
targeting different cell signaling pathways, w-3 FAs can inhibit cell cycle progression 
of individual tumor cells and also attenuate the formation of tumor supplying vessels, 
thereby limiting the growth of established cancers.
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However, the translation of the known antitumor effects of w-3 FA into clinical pro-
tocols to prevent cancer development has to consider further cofactors as cancer devel-
opment is a multifactorial process. In the case of colorectal cancer, intake of w-3 FA 
should be combined with a diet rich in fibers and reduced intake of red and processed 
meat to maximize the preventive effects of nutritional means on cancer development.

For the future, well-designed epidemiologic studies on the cancer preventive effects 
of w-3 FA are needed that should also include measurements of appropriate biomarkers 
to allow for sensitive determination and adjustment of individual w-3 FA intake.
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11 Brain Innate Immune System and  
Its Modulation by Diet: The Role  
of Polyunsaturated Fatty Acids

Sophie Layé and Anais Duffaud

Key Points

The innate immune system of the brain is composed of microglial cells and astrocytes, •	
which, once activated, produce proinflammatory cytokines.
Proinflammatory cytokines act in the brain through specific receptors produced by •	
brain cells and trigger behavioral modifications (sickness behavior) and cognitive 
and mood disorders.
Aging-related neuroinflammatory processes are involved in neurodegenerative •	
diseases.
Polyunsaturated fatty acids (PUFAs) are essential nutrients provided by the diet that •	
strongly regulate neuroinflammation and associated behavioral changes.

Key Words: Neuroinflammation, astrocyte, microglia, aging, omega 3, lipid, sickness 
behavior, mood and cognitive disorders, IL-1, NFκB.

11.1  INTRODUCTION

Inflammation is an active defense reaction against various insults which aims at 
neutralizing noxious agents. Although inflammation serves as a protective function in 
controlling infection and promoting tissue repair, it can also cause tissue damage. 
Inflammatory mediators include complement, adhesion molecules, products of cycloox-
ygenase enzymes, eicosanoids, and cytokines. Cytokines are polypeptides that are gen-
erally associated with inflammation, immune activation, and cell differentiation or 
death. They include interleukins (IL), interferons (IFN), tumor necrosis factors (TNF), 
chemokines and growth factors. Although most of them have little or no function in 
healthy tissues, they are rapidly induced locally in response to tissue injury, infection, 
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or inflammation. Inflammatory mediators such as cytokines are not only expressed at 
the site of injury but also in distant organs, including the brain where they coordinate 
the central component of the acute phase reaction. This brain-mediated response 
involves, in particular, profound metabolic alterations in the form of an increased set-
point for thermoregulation resulting in fever, and drastic behavioral changes commonly 
labeled as sickness behavior (anorexia, decreased locomotor activity; withdrawal from 
social contacts, etc). Brain expression of cytokines also plays a key role in the patho-
physiology of immune (e.g. multiple sclerosis) and non-immune neurological disorders 
(e.g. brain injury, stroke, Alzheimer’s disease). Study of the expression and action of 
proinflammatory cytokines in the brain is a rapidly growing area of experimental and 
clinical research. Because of the number of cytokines and the diversity of their actions, 
this chapter will primarily focus on the most studied cytokine in the brain: the inter-
leukin-1 (IL-1).

In the brain, inflammatory mediators are mainly produced by endothelial cells and 
glial cells, including astrocytes, and microglia (1). The expression of proinflammatory 
cytokines in the brain is increased in response to various conditions, such as infection 
(bacteria, viruses,…), lesions, trauma, and oxidative stress. Central (neuroinflamma-
tion) and peripheral inflammatory responses although sustain by similar mediators, are 
different from a cellular and biochemical point of view.

The functional consequences of neuroinflammation include alterations in cognition, 
affect, and behavior, and they usually take place in the absence of neurotoxicity (2). 
The behavioral repertoire of humans and animals is well known to change dramatically 
during the course of an infection. Subjects have little motivation to eat, are listless, 
complain of fatigue and malaise, loose interest in social activities and have significant 
changes in sleep patterns. They feel sick and experience pain, display an inability to 
experience pleasure, and experience difficulties in attention, concentration, and mem-
ory (3). These alterations are responsible for the impaired quality of life and well-
being. All these functional alterations can be reproduced in naïve individuals by 
peripheral or central injection of proinflammatory cytokines (4). When neuroinflam-
mation is exacerbated or prolonged, it can lead to neuronal cell death and neurodegen-
eration as a consequence of the deprivation of neurons from their growth factors or 
the overproduction of reactive oxygen species (1, 5). As far as neurodegeneration is 
concerned, it is unclear if this condition is propagated through inflammation or 
whether, in contrast, the inflammatory response reflects an attempt to protect against 
further cellular injury.

There are multiple aspects of neuroinflammation, all occurring simultaneously. 
Following exposure to noxious stimuli, the components of neuroinflammation include 
activation of microglia release of cytokines, and induction of tissue repair enzymes, that 
all together limit cellular damage and promote repair. At the behavioral level, cytokine-
induced sickness behavior is nothing other than the outward manifestation of a central 
motivational state that helps the body to fight infection and promote recovery (2). The 
extent of neuroinflammation is normally regulated by a variety of antagonist processes 
involving anti-inflammatory cytokines such as interleukin-10, growth factors in the form 
of, for instance, insulin-like growth factor 1 (IGF-1), hormones such as glucocorticoids, 
neuropeptides such as vasopressin, and alpha-melanotropin and endocannabinoid 
through their action on CB2 receptors (6–9).
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Micronutrients in the diet, in the form of antioxidants and polyunsaturated fatty acids 
(PUFA) are also able to regulate neuroinflammation. PUFA are incorporated into cell 
membranes. The composition of cell membranes determines the type of inflammatory 
mediators that will be produced during the inflammatory response (111). It has been 
shown that human diet used to evolve on a ratio of n-6 to n-3 PUFA equal approximately 
to 1, whereas nowadays this ratio is closer to 10–20, indicating that Western diets are 
usually deficient in n-3 (10–12). The relative excess of n-6 fatty acids stimulates the 
formation of arachidonic acid (ARA), the fatty acid precursor of PGs, and other eicosa-
noids involved in inflammation, which accounts for their importance in chronic inflam-
matory disease. On the other hand, the eicosanoids derived from eicosapentaenoic acid 
(EPA) are less physiologically potent than mediators synthesized from ARA (13). 
Moreover, n-3 fatty acids, such as docosaexaenoic acid (DHA) and its derivatives, dis-
play anti-inflammatory effects and inhibit the production of proinflammatory cytokines 
independently of the production of eicosanoids. Since feeding animals or human sub-
jects with diets enriched with DHA and EPA results in a decrease of the amount of ARA 
in glial cell membranes, there will be less substrate available for synthesis of eicosa-
noids from ARA (14–16). Because n-3 fatty acid are highly anti-inflammatory and are 
preferentially incorporated in the brain, inappropriate amounts of dietary n-6 and n-3 
fatty acids could lead to neuroinflammation. Depending on which PUFA are present in 
the diet, neuroinflammation will therefore be kept at a minimum or exacerbated. The 
aim of the present chapter is to review the mechanisms of neuroinflammation, its func-
tional consequences and its modulation by PUFA.

11.2  THE BRAIN INNATE IMMUNE SYSTEM

For a long time, the brain was considered to be a privileged organ from an immuno-
logical point of view, owing to its inability to mount an immune response and process 
antigens (17). Although this is partly true, the central nervous system (CNS) shows a 
well-organized innate immune reaction in response to systemic bacterial infection and 
cerebral injury. The hallmark of brain inflammation is the activation of glia, particularly 
microglia (18). Microglial cells are sensor cells in the CNS that respond to injury and 
brain disease (19). These cells are able to scavenge invading microorganisms and dead 
cells, and also to act as immune or immunoeffector cells (20). In physiologic conditions, 
the brain contains resting microglia, perivascular macrophages, and pericytes, as well 
as a few patrolling lymphocytes. The origin of pericytes, perivascular macrophages, and 
microglia found in the adult brain is probably represented by systemic monocytes that 
infiltrate the CNS during embryogenesis (19, 21). In pathological conditions, all these cells 
become activated and are strongly involved in the local inflammatory response (22). 
In particular, the resting microglia becomes activated and changes its phenotype to 
amoeboid microglia capable of phagocytosis. This is accompanied by a production of 
proinflammatory cytokines, in particular, IL-1, nitric oxide, superoxide anions, and 
eicosanoids (20, 23, 24).

Cell wall components of the Gram-negative or Gram-positive bacteria (lipopolysac-
charide (LPS) and peptidoglycan, respectively) function as pathogen-associated molec-
ular patterns (PAMPs) that are recognized by specific membrane receptors on innate 
immune cells (25). LPS and peptidoglycan bind to Toll-like receptors (TLR) (25). 
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While TLR2 recognizes the PAMPs produced by Gram-positive bacterial cell wall com-
ponents, TLR4 is critical for the recognition of LPS. Flagellin, the principal element of 
bacterial flagella, is recognized by TLR5, and TLR9 is required for the inflammatory 
response triggered by bacterial DNA. TLR3 induces an innate immune response to 
double-stranded RNA (dsRNA) viruses. Microglia is the main cellular component of the 
innate immune system in the brain. The peripheral administration of LPS activates sys-
temic innate immune cells, which results in the production and extracellular release of 
proinflammatory cytokines (26–29). Once present in the bloodstream, these cytokines 
are believed to mediate most of the effects of systemically injected LPS, although 
circulating levels of cytokines are not necessarily detectable prior to the occurrence of the 
early physiological responses that are induced by the endotoxin (30). The best example 
is fever that takes place within minutes in response to a systemic injection of LPS, even 
though cytokines are not yet detectable in the bloodstream (30). Because of this temporal 
constraint, LPS has been proposed to be a direct ligand in the brain. In accordance with 
this hypothesis, cytokine gene expression, in response to a peripheral LPS challenge, is 
first detected in the circumventricular organs (CVOs) that are devoid of a blood brain 
barrier (BBB), leptomeninges, and choroid plexus (ChP) (26, 29, 31). The demonstra-
tion that CD14 and TLR4 receptors are constitutively expressed in the CVOs and in 
parenchymal microglia reinforces this idea (18, 27, 32). Circulating LPS also causes a 
rapid increase in CD14 in these brain regions, and a delayed response takes place in 
cells located at the boundaries of the CVOs and in microglia across the brain paren-
chyma (33). A similar expression pattern was recently found for the gene that encodes 
TLR2 in the brains of mice after a single systemic injection of LPS. The signal was first 
detected in regions devoid of BBB and a second wave was detected in parenchymal 
microglial cells (33).

Interestingly, TLRs and IL-1 receptors share a cytoplasmic motif, the Toll/IL-1 receptor 
(TIR) domain, which is required for initiating intracellular signaling (34, 35). The TIR 
family of receptors uses very similar signaling mechanisms to activate downstream effec-
tor mechanisms (Fig. 11.1). While some components of the downstream signaling 
machinery like the adapter TNF receptor-associated factor 6 (TRAF6) are shared by other 
receptors of proinflammatory cytokines, one signaling module is exclusively employed by 
the TIR family. This consists of MyD88, interleukin-1 receptor-associated kinase (IRAK) 
family members, and Tollip. TRAF6 directly facilitates full activation of the Nuclear 
factor kappa B (NFκB) pathway and the mitogen-activated protein kinase (MAPK) 
signaling cascades. In unstimulated cells, the NFκB family proteins exist as heterodimers 
or homodimers that are sequestered in the cytoplasm by virtue of their association with 
a member of the Inhibitor κB (IκB) family of inhibitory proteins (Fig. 11.1). These inter-
actions mask the nuclear localization sequence of NFκB and interfere with sequences 
important for DNA binding. The destruction of IκB unmasks the nuclear localization 
signal of NFκB, leading to its nuclear translocation and binding to the promoters of 
target genes. The detection of IκB induction reveals the extent and cellular location of 
brain-derived immune molecules in response to peripheral immune challenges. IκBa 
mRNA is induced in the brain after peripheral LPS injection, beginning in the cells 
lining the blood side of the BBB and progressing to the cells inside the brain parenchyma 
(36, 37). The same results were obtained after a peripheral injection of IL-1 and TNFa, 
but not IL-6. This spatiotemporal pattern indicates that under the effect of LPS, cells 
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of the BBB synthesize immune signal molecules to activate cells inside the CNS. 
The cerebrospinal fluid appears to be a conduit for these signal molecules. As LPS 
induces the expression of bioactive IL-1 in microglial cells, it is not clear whether 
the induction of IκB expression in the brain is because of a direct LPS effect on the 
brain cells or the LPS-induced IL-1 produced in the brain (37, 38). A recent study ana-
lyzed NFκB translocation and IκB expression in the brain and pituitary of rodents treated 
with IL-1 (39, 40). In this study, the expression of IκB mRNA did not strictly parallel 
NFκB nuclear translocation. This important finding indicates that peripheral IL-1 can 
reach the brain across the CVOs that lack a BBB and endothelial cells all over the brain 
and interact with its receptors to induce NFκB translocation.

IL-1 is bioactive in the brain because there are IL-1 receptors in the brain. Ligands of 
the IL-1 receptors (two agonists, IL-1a and IL-1b and the natural antagonist, IL-1ra) 

Fig. 11.1. Signaling pathways activated by the IL-1 family and receptor complex. IL-1 family is 
composed of two agonists, IL-1a and IL-1b and a natural antagonist, IL-1ra. IL-1 agonists bind to the 
type 1 IL-1 receptor (IL-1R1) and then interact with IL-1 receptor accessory protein (IL-1RacP). They 
form a functional heterodimeric complex that activates downstream signaling pathways involving 
NFkappaB (NFκB) and the Mitogen-activated protein kinase (MAPK) family. This activation requires 
the formation of a complex between IRAK (IL-1 receptor associated kinase), MyD88, and Tollip. 
This complex activates TNF receptor-associated factor 6 (TRAF6) leading to the phosphorylation and 
degradation of the NFκB inhibitor, IκB, and the activation of the MAPK family.
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bind to a transmembrane receptor and to soluble forms of the receptor, which are 
characterized by extracellular immunoglobulin (Ig)-like domains (41). The prototypes of 
this family are the IL-1R type 1 and an accessory protein that functions as a co-receptor 
molecule, the IL-1RAcP. The receptor chains contain the ligand-binding site, whereas 
the co-receptor IL-1RAcP is unable to bind the cytokine alone. Indeed, the deletion of 
IL-1R1 or IL-1RAcP, administration of antibodies to IL-1R1 or inhibition of specific 
MAP kinases, or NFκB abolish most actions of IL-1 in vivo and in vitro. The type 2 IL-1 
receptor (IL-1R2) is a negative regulator of the IL-1 system and functions as a 
decoy receptor (42). Very recently, new members of the IL-1 family, named IL-1F5-10 
were discovered (41). IL-1F6–F9 have proinflammatory properties, while IL-1F5 has 
anti-inflammatory properties. In addition, the orphan receptors IL-1R-related protein 2 
(IL-1Rrp2), T1/ST2, three immunoglobulin domain-containing IL-1 receptor-related, 
IL-1 receptor accessory protein-like and single Ig IL-1 receptor-related molecule 
(SIGIRR), also called TIR8 were demonstrated to belong to the IL-1R family. In the 
rodent brain, IL-1R1 mRNA is diffusely spread with the highest level of binding in the 
granular layer of the dentate gyrus, the granule cell layer of the cerebellum, the hypotha-
lamus and the pyramidal cell layer of the hippocampus (43–45). IL-1R1 is expressed in 
cells of the choroid plexus and endothelial cells of brain capillaries. Neuronal expression 
appears mostly in the hippocampus (46). IL-1RacP mRNA is highly expressed through-
out the rat brain (47, 48). However, the presence of the IL-1RAcP in brain areas that lack 
type 1 IL-1 receptors indicates additional functions for this protein that are still obscure. 
Very recently, an isoform of the IL-1RAcP (termed AcPb) has been discovered to be 
exclusively expressed in the brain (49). In addition, IL-33, the IL-1-like ligand for ST2, 
is highly expressed in brain astrocyte (50). Interestingly, no NFκB activation is observed 
in the brain of IL-1R1 and IL-1RAcP knock-out mice treated with IL-1 (39). The same 
effect is observed in mixed glial cells in vitro indicating that IL-1R1 is essential for 
IL-1beta signaling in the brain (51). The MAPK p38, c-Jun N-terminal kinase (JNK), and 
the extracellular signal-regulated protein kinase (ERK1/2) are also activated in glial cells 
from wildtype mice, but not from IL-1R1 knock-out mice. The selective inhibition of 
p38 or ERK1/2 MAPKs significantly reduced IL-1b-induced IL-6 release. Whether this 
pathway is involved in IL-1 signaling in the brain is still unknown. This is very important 
since brain-produced IL-1 is a key regulator of the synthesis of other proinflammatory 
cytokines such as IL-6 and TNFa. Concerning the isoforms of IL-1 (IL-1F), IL-1F5 
antagonizes the inflammatory effects of IL-1 and LPSin the brain (52).

11.3  CONSEQUENCE TO THE ACTIVATION OF BRAIN INNATE 
IMMUNE SYSTEM: FROM SICKNESS BEHAVIOR  
TO DEPRESSION

Proinflammatory cytokines act in the brain to induce non-specific symptoms of 
infection, including fever and profound psychological and behavioral changes termed 
“sickness behavior” (4). Sick individuals experience weakness, malaise, cognitive 
alterations and listlessness, hypersomnia, depressed activity, and loss of interest in 
social activities (2, 53). Although these symptoms are usually regarded as the result of 
the debilitation process that occurs during infection, they are actually part of a natural 
homeostatic reaction that the body uses to fight infection (53). These changes in behavior 
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have been shown to be the expression of a motivational state that resets the organism’s 
priorities to promote resistance to pathogens and recovery from infection. By preventing 
the occurrence of those activities that are metabolically expensive (e.g. foraging), and 
favoring expression of those that decrease heat loss (e.g. rest) and increase heat produc-
tion (e.g. shivering), sickness behavior positively contributes to recovery following 
infection (2). Sickness behavior is initiated by cytokines that are induced by infectious 
agents in the periphery and relayed by centrally produced cytokines (54, 55) (Fig. 11.2). 
Evidence of such a role of centrally produced cytokines in sickness behavior was first 
provided by the comparison of dose-response curves in vivo. In general, centrally 
injected cytokines induce dramatic behavioral effects at doses that are 100–1,000 times 
less than those needed when they are injected peripherally (56). Moreover, the behav-
ioral effects of peripherally injected IL-1 were strongly attenuated by the central admin-
istration of the specific antagonist of IL-1 receptors, IL-1ra, at a dose that was able to 
inhibit the effects of centrally injected IL-1. The use of neutralizing antibodies directed 
against specific IL-1R subtypes strengthened these data. A monoclonal neutralizing 
antibody specific to IL-1R1 injected into the lateral ventricle of the brain fully abro-
gated the behavioral effects of centrally and peripherally injected IL-1 (57). On the 
other hand, the blockade of brain IL-1R2 potentiated IL-1 effect on food intake but not 
on body temperature, indicating that some IL-1 actions in the brain are specifically 
regulated by this receptor (58). The use of KO mice for IL-1R1 and IL-1RAcP reinforce 
the idea of a specific role of these receptors in mediating the IL-1 effect on sickness 
behavior (59–61). However, while the cytotoxic effect of IL-1 in traumatic brain injury 
was blocked by centrally injected IL-1ra, no blockade was observed in IL-1R1 KO mice 
(62). Furthermore, the central injection of IL-1 exacerbated ischemic brain damage but 
had no effect on food intake in IL-1R1 KO mice. These intriguing data indicate that 
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Fig. 11.2. Proinflammatory cytokines act in the brain to trigger sickness behavior and mood and 
cognitive disorders. Behavioral modifications are initiated by peripheral cytokines induced by infec-
tious agents and relayed by centrally produced cytokines by microglial cells. In turn, brain cytokine 
acts on both neurons and glial cells and change the behavior.



204 Layé and Duffaud

IL-1 effects in the ischemic brain are independent of IL-1R1. In other words, IL-1R1 
would mediate the behavioral but not the cytotoxic effects of IL-1.

LPS-induced sickness behavior has been assessed in a strain of mice (C3H/HeJ) that 
is hyporesponsive to LPS. These mice have a mutation in TLR4, and it is this deficiency 
that leads to endotoxin hyporesponsiveness (63). The hyporesponsive C3H/HeJ mice 
are completely resistant to the sickness-inducing effects of LPS when injected intracer-
ebroventricularly, but they remain fully responsive to central injections of IL-1 (64, 65). 
These experiments show that CNS cells derived from C3H/HeJ endotoxin hyporespond-
ers, such as microglia, share with peripheral macrophages the inability to respond to 
LPS and to synthesize proinflammatory cytokines, therefore impeding the development 
of sickness behavior. From a practical perspective, these data show that the C3H/HeJ 
mouse strain is an excellent model that can be used to avoid any potential confounding 
effects of endotoxin contamination in the preparations of recombinant cytokines 
injected in the CNS.

Like at the periphery, the lack of a cytokine in the brain cytokine network can result in 
compensation by other cytokines that are still present in the network. For instance, periph-
eral or central administration of LPS still induced sickness behavior in IL-1R1 KO and 
IL-1RacP KO mice that did not respond any longer to IL-1 (55, 59–61). The sensitivity of 
IL-1R1 KO mice to LPS was due to TNFa replacing IL-1 since central administration 
of an antagonist of TNFa blocked LPS action in IL-1R1 KO mice but not in wild type 
mice (59). On the other hand, the inhibition of proinflammatory cytokine signaling path-
ways are associated to the improvement in neuroinflammatory processes suggesting that 
they are not compensated. Indeed, the inhibition of astroglial NFκB by the use of trans-
genic mice overexpressing a dominant negative form of the IκB super-repressor was 
associated with reduced neuroinflammation and ischemic damage in the retina (66).

Evidence in favor of a role of cytokines in mediating mood disorders and cognitive 
disturbances that develop in patients receiving cytokine immunotherapy is growing 
fast (67). The same mechanisms appear to be at work for the wide variety of non-specific 
sickness symptoms that develop in patients suffering from somatic diseases with an 
inflammatory component, including coronary heart disease, rheumatoid arthritis, asthma, 
cancer, stroke, and various neuropathologies (68–71). Many patients complain of pain, 
fatigue, anorexia, sleep disturbances, and cognitive and mood disorders. These non-specific 
neurovegetative and psychiatric symptoms are not necessarily the result of a chain of 
events linked to each other with more or less a direct cause (e.g. pain induces sleep disor-
ders that impact cognition and induce fatigue and lassitude, culminating in anorexia) (68). 
They could actually just represent another facet of the inflammatory process. These non-
specific symptoms are a major source of suffering for the patient, and often more so than 
the diseased organ itself. Physicians, whatever their skills, are not always well equipped 
to deal with these important non-specific symptoms that drastically affect the quality of 
life of sick patients. The challenge there is not only to bring these symptoms to the 
forefront of the clinician’s attention, but also to be able to treat them adequately (e.g. by 
molecules that target cytokine production and action in the CNS).

At the experimental level, recent investigations have confirmed the depressive-like 
effect of cytokines in rodents. However, most of these studies have been carried out during 
the acute immune activation by the inflammatory inducer (cytokine itself or LPS), 
which can therefore bias results since sickness (including lethargy and motor impairment) 
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induced by immune stimulation remained maximal. Nevertheless, some studies have 
ruled this out by measuring the depressive-like behaviors 24 h after the immune chal-
lenge. Frenois et al. (72) demonstrated that immobility in the tail suspension test (TST) 
and the forced swim test (FST) – behavioral tests commonly used to assess to measure 
the effects of antidepressant drugs – was increased in LPS animals 24 h after treatment. 
Similarly, LPS-induced anhedonia, as assessed by reduced consumption of sweetened 
solution, was observed after dissipation of sickness behavior such as reduced food and 
water intakes. In a study investigating the effect of a chronic model of immune activa-
tion, Moreau et al. (73) showed the occurrence of depressive-like behavior following 
acute innate immune system activation by chronic inoculation of Bacillus Calmette-
Guerin (BCG). That is, delayed depressive-like behaviors as assessed by increased 
immobility in both the FST and the TST, reduced voluntary wheel running, and decreased 
preference of sucrose was observed after an acute episode of sickness.

11.4  BRAIN INNATE IMMUNE SYSTEM IN THE AGING BRAIN

Microglial cell activation contributes to the onset and exacerbation of inflammation 
and neuronal degeneration in many brain diseases (74, 75). Nonetheless, microglial 
cells act also in a neuroprotective manner by eliminating excess excitotoxins in the 
extracellular space (74, 75). Moreover, there is accumulating evidence that microglia 
produce neurotrophic and/or neuroprotective molecules; in particular, it has been pro-
posed that they promote neuronal survival in cases of brain injury. CNS inflammation 
occurs in myelin degenerative disorders such as multiple sclerosis (MS) and in neuro-
degenerative disorders such as Alzheimer’s disease, HIV encephalopathy, ischemia, and 
traumatic brain injury (76–80). A general consequence of brain inflammation is reactive 
gliosis characterized by astrocyte hypertrophy and the proliferation of astrocytes and 
microglia (81, 82). Changes in gap junction intercellular communication as reflected by 
alterations in dye coupling and connection expression have been associated with numer-
ous CNS inflammatory diseases, which may have dramatic implications on the survival 
of neuronal and glial populations in the context of neuroinflammation (83, 84).

IL-1 exerts a number of diverse actions in the brain, and it is currently well accepted that 
it contributes to experimentally induced neurodegeneration. In response to local brain injury 
or insult, like acute head trauma, IL-1 is overexpressed by microglia (1, 85, 86). Such acute 
overexpression of IL-1 has been implicated in the pathogenesis of some forms of acute 
brain injury. Moreover, patients with multiple sclerosis have elevated levels of IL-1 in the 
cerebrospinal fluid when their disease is active (87). Brain microglia may chronically over-
express IL-1 under repeated or persistent injurious stimuli, or chronic neurological condi-
tions (Down’s syndrome, HIV, epilepsy, etc). Chronic overexpression of IL-1 is also 
observed in a normal aging brain and in Alzheimer’s disease (88–90). Recent microarray 
studies, assessing the gene expression of Alzheimer-related cytokines, show selective 
overexpression of IL-1 in Alzheimer’s disease. This increase is coupled with an increase 
in the expression of IL-1R1 and an increased activity of IL-1 receptor-associated MAPK 
(91, 92). There are genetic associations between IL-1 family gene polymorphisms and 
Alzheimer’s disease, chronic epilepsy and Parkinson’s disease (93–96).

IL-1 overexpression has been implicated in both the initiation and progression of 
neuropathological changes (85). Overexpression of IL-1 in an Alzheimer brain is linked to 
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an increase in microglia activity that is frequently associated to amyloid plaques (88, 97). 
This specific distribution suggests a role for IL-1 in the initiation and progression of 
neuritic and neuronal injury in Alzheimer’s disease, because of its appearance in early 
plaque formation and its absence in plaques that are devoid of injured neuritic elements. 
The brain from Tg2576 mice (a model for Alzheimer disease) showed significant 
increases in IL-1 expression compared to controls. Moreover, aged Tg2576 showed 
mounted and exacerbated cytokine response to LPS that could have amplified the degen-
erative processes. IL-1 administration depressed food intake more in aged mice than in 
adults (98). Attenuation of fever response in aged mice could be due to the lack of entry 
of peripheral IL-1 in the brain and not a lack of brain IL-1R functionality (99, 100). 
Age-induced IL-1 overproduction in the brain, and more particularly in the hippocampus, 
is associated with a decrease in synaptic plasticity measured by long-term potentiation 
(LTP) in the dentate gyrus, which could explain cognitive impairment observed in the 
elderly (92, 101, 102). Receptors for IL-1 are distributed with a high density in the hip-
pocampus, where interleukin-1 exerts inhibitory effects on the release of calcium (103). 
There is also evidence for a role of endogenous brain IL-1 in the normal physiological 
regulation of hippocampal plasticity and learning processes (104, 105). Low levels of 
IL-1 are essential for memory and plasticity, whereas higher levels of IL-1, similar to 
those achieved during aging and neurodegeneration, can be detrimental (104, 105).

11.5  INFLUENCE OF POLYUNSATURATED FATTY ACID  
ON BRAIN INNATE IMMUNE SYSTEM

The polyunsaturated fatty acid linoleic and its n-6 derivative ARA, and a linolenic 
acids and its n-3 derivative, EPA and DHA, play a key role in both energy production 
and cell structure and are indispensable for brain development. ARA and DHA are 
found in large concentrations in brain lipids. In the brain, nearly 6% of the dry weight 
of brain is n-3 PUFA (106). They are incorporated as phospholipids and are key com-
ponents of the brain cell membranes. They provide fluidity and the proper environment 
for active integral protein functions. Moreover, phospholipids have a role in cellular 
function because they are a reservoir of signaling messengers for neurotransmitters or 
growth factors. There are some data on PUFA contents on neurons and astrocytes (131), 
but nothing is known concerning microglial cells.

DHA and ARA have beneficial effects when available in moderation. As already men-
tioned, human beings originally consumed a diet rich in n-3 PUFA and low in saturated 
fatty acids because wild and free range food animals have much higher content of n-3 fatty 
acid than do the present day commercial livestock. PUFA were provided in the diet as a 
ratio 1:1 of n-6 to n-3. Nowadays the ratio is around 10:1. An excess of n-6 precursors 
stimulates the formation of ARA. Although some ARA is essential, the current high ratio 
of n-6 to n-3 may be involved in the increase in chronic inflammatory diseases (13). A high 
intake of n-3 PUFA such as DHA or EPA may have anti-inflammatory effects in patients 
with neuroinflammation. Conversely, the high dietary intake of n-6 PUFA, which lowers 
the intake of n-3 PUFA, may contribute to the development of the neuroinflammation. 
For example, ARA is the principal substrate for COX (107). Additional substrates include 
cannabinoids and lipoamino acids that also can be oxidized to produce PG precursors of 
which the pathophysiological role is poorly known (108, 109). PGs have the ability to play 
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either a protective or an injurious role, depending on the context and quantity produced. 
Therefore, the membrane levels of their precursor, ARA, are important. Moreover, the EPA 
contained in membrane phospholipids competes with ARA as a substrate for COX and 
lipooxygenase (LOX) (110). The consequences of such a competition are a decrease in the 
production of inflammatory metabolites such as PGE2, leucotriene A4 (LTA4) and trom-
boxane A2 (TXA2) and an increase in the synthesis of less inflammatory eicosanoids or 
even anti-inflammatory ones (110, 112). This has been demonstrated in many cells 
throughout the body, including glial cells (113). A 6-day LPS infusion in the brain increased 
phospholipase A2 activities and brain concentrations of linoleic and ARA, and of PGE2 
and PGD2 (16). The occurrence of alteration in n-6 metabolism in the brain in response 
to LPS emphasizes once again the link between brain composition in n-3/n-6 PUFA and 
neuroinflammation. Interestingly, mice exposed throughout their life to a diet devoid of 
n-3 PUFA did not show sickness behavior in response to LPS, while IL-6 was overex-
pressed both at the periphery and in the hippocampus (114). However, STAT3 and STAT1 
activation, a hallmark of the IL-6 signaling pathway, was poorly induced in the hippoc-
ampus of LPS-treated mice, suggesting that dietary deficiency in n-3 PUFA dysregulates 
neuroinflammatory events and its behavioral effect.

Numerous studies have revealed that n-3 PUFA inhibit the in vitro production of pro-
inflammatory cytokines by macrophages, and their in vivo synthesis in healthy adults 
and those with autoimmune diseases. However, little is known concerning microglial 
cells that produce proinflammatory cytokines in the brain. Recently, DHA has been 
shown to be highly anti-inflammatory by targeting LPS receptor surface location, there-
fore reducing LPS-induced NFκB activation and proinflammatory cytokines production 
in microglia (115). Such an effect could be mediated by the DHA-derived  neuroprotectine 
D1 (NPD1), which regulates Ab peptide-induced proinflammatory cytokine expression 
in microglia (116–118). Interestingly, in the brain and in microglia, DHA is also con-
verted into potent anti-inflammatory products called 17-resolvins by aspirin-induced 
acetylated COX-2 (119). Resolvins block the production of cytokines by microglial 
cells. Moreover, they protect from ischemia by blocking NFκB activation and proin-
flammatory cytokine production (120).

A short time n-3 supplementation attenuated the fever responses induced in rats 
by both i.p. and i.c.v. IL-1 without altering the thermogenic capacity of the organism 
(121, 122). However, Kluger’s group reported that fever, lethargy, and anorexia were 
differentially regulated by a fish-oil diet depending on the inflammatory stimulus used 
(123). Turpentine is a model of local inflammation that induces a robust acute phase 
response consisting of fever, anorexia, cachexia, and acute phase protein production. 
Fish oil diet exacerbated LPS-induced lethargia and decreased temperature whereas it 
blocked turpentine-induced fever, lethargia, and anorexia (123). These changes were 
associated with a decrease in circulating LPS-induced PGE2 and an increase in LPS-
induced TNFa. Because TNFa production is partially regulated by PGE2, fish oil could 
upregulate TNFa production by decreasing PGE2 production (124). In mice, the early 
hypothermic phase of fever to a high dose of LPS was exacerbated by TNFa treatment, 
whereas administration of the soluble TNF receptor, a blocker of TNFa activity, attenuated 
hypothermia (125, 126). It is questionable therefore whether ingesting high amounts of 
n-3 PUFA during inflammatory events is beneficial. Further studies on the role of PUFA 
in neuroinflammation are clearly needed.
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Elderly people who eat fish or seafood, that are highly enriched in n-3 PUFA, at least 
once a week are at lower risk of developing dementia, including Alzheimer’s disease 
(127–129). Because aging is associated with a decrease in membrane PUFA, including 
ARA, and an increase in brain IL-1 production, Lynch proposed that the age-increased 
in IL-1 is linked to an age-decreased membrane ARA (92, 102). Therefore IL-1, by 
impacting on membrane composition, would contribute to age-related impairments in 
neuronal function. IL-1 increased lipid peroxidation in hippocampal tissue from young 
but not old rats, and this effect was associated with decreased LTP (92, 102). A short-
time supplementation in ARA, in combination with another long chain n-6 PUFA, 
gamma-linolenic acid (GLA), reversed the age-related impairment in LTP (130). EPA 
had a similar effect and, in this last case, there was evidence that this effect was a con-
sequence of its ability to block the effects of IL-1, providing support for the hypothesis 
that EPA acts as an anti-inflammatory agent (129, 130). The anti-inflammatory effect of 
EPA could be due to the blockade by EPA of the IL-1 signaling pathway MAPK, and 
more particularly p38, in the brain (132). Interestingly, LPS-induced p38 activation in 
the hippocampus is accompanied by an increased activation of NFκB of which the 
pharmacological inhibition partially suppresses the inhibitory effects of LPS and IL-1 
on LTP and sickness behavior (39, 133, 134). In addition, n-3 PUFA might protect the 
brain from the deleterious effects of IL-1. Irradiation induced increase in IL-1, IL-1R1 
and IL-1RAcP concentration in the hippocampus. These changes were coupled with an 
increased activation of JNK and apoptotic cell death. Rats that had been fed a diet rich 
in EPA did not display any of these events. The anti-inflammatory cytokine IL-10 could 
explain EPA anti-inflammatory and neuroprotective effects in the brain, because EPA 
increased IL-10 levels and IL-10 blocked the IL-1 effect (135, 136). An EPA-
supplemented diet, but not ARA, significantly attenuated centrally injected IL-1-
induced anxiety behavior. Such an effect was also observed in the brain of olfactory 
bulbectomized mice (137). This was accompanied by a decrease in the IL-1-induced 
PGE2 and an increase of IL-10 or IL-4 (138–140).

11.6  CONCLUSIONS AND PERSPECTIVES

There is growing evidence that the expression and action of proinflammatory 
cytokines in the brain are responsible not only for the development and maintenance of 
sickness behavior during the host response to infection, but also for the occurrence of 
non-specific symptoms of sickness during chronic inflammatory disorders. In addition, 
neuroinflammation can have detrimental consequences on neuronal viability especially 
when maintained over long periods of time and transiently amplified by peripheral 
infectious episodes. All of this points to the interest of finding new ways of controlling 
inflammation in the brain. Because of their abundance in the brain and their modulatory 
role on inflammation and cell functions, PUFA certainly have a role to play. However, 
this role still needs to be better characterized by multidisciplinary studies aiming at 
assessing the effects of these molecules at different levels of functioning, from the 
molecular to the organism level.
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Key Points

Conjugated linoleic acid (CLA), isomers of linoleic acid (C18:2) have many biologi-•	
cal effects, including potential immunomodulatory potential.
CLA is an unrecognized nutrient that significantly protects lymphoidal and nonlym-•	
phoidal tissues from lymphoid events during immune stimulation.
This protection is through the regulation of lipid eicosanoid mediators while nonlym-•	
phoidal tissues prevent their negative feedback on the immune response.
With lipid mediator modulation there is enhanced immunity, improved efficiency of feed •	
use, changes in body composition, and decrease in diseases with immune response.
With regard to the immune system, it is not clear whether individual isomers of CLA •	
could act similarly or differently.
In this chapter, we are trying to uncover most of the fundamental findings to explore •	
the effects of CLA in relation to immunomodulation.

Key Words: Conjugate linolenic acid, immune system, nutrition, dietary component,  
functional foods.

12.1  INTRODUCTION

Lifestyle has an important influence on the development of various life threatening 
diseases such as cancer, autoimmunity, allergies, obesity, diabetes etc., in humans. Diet 
is one of the most important lifestyle factors of today’s era, which has a strong impact on 
development/prevention in most of the above mentioned illnesses (1). Diet has various 
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Table 12.1 
Conjugated linoleic acid content of various foods (13, 62)

Dairy products mg/g Meat/fish mg/g

Homogenized milk 5.5 Fresh ground beef 4.3
2% milk 4.1 Veal 2.7
Butter fat 6.1 Lamb 5.8
Condensed milk 7.0 Pork 0.6
Cultured buttermilk 5.4 Chicken 0.9
Butter 4.7 Fresh ground turkey 2.6
Sour cream 4.6 Salmon 0.3
Ice cream 3.6 Egg yolk 0.6
Custard style yogurt 4.8
Frozen yogurt 2.8
Plain yogurt 4.8
Low fat yogurt 4.4

biofunctional components other than nutritionally required ingredient, which can play an 
important role to enhance body strength to fight with various diseases. In mammals, a 
fighting system against various illnesses is called immune system, which protects the 
body from various direct and indirect challenges for tissue/cell damages into the body 
(2). A plethora of literature that supports natural components or food ingredients enhance 
immune system to fight against various pathogenic and nonpathogenic attacks is availa-
ble (3). Among various bio-functional food ingredients conjugated linoleic acid (CLA) 
is one of the well-recognized functional lipid derivatives, which has been consumed in 
our daily meal from a long time (4). CLA has the capabilities to prevent cancer and heart 
disease, improve immune function, and treat obesity. CLA is the main omega-6 polyun-
saturated fatty acid (PUFA) in the diet and is an important essential fatty acid (5).

CLA is found in grass-fed beef and lamb, dairy products, and most vegetable oils, 
such as sunflower, safflower, and flaxseed oils (Table 12.1). The most common isomer 
of CLA found in the diet is cis-9/trans-11. CLA contents of dairy products range from 
3 to 9 mg/g fat, of which the cis-9/trans-11 CLA isomer comprises between 70 and 90% 
of the total CLA. CLA found in most dietary supplements is manufactured from sun-
flower oil or safflower oil. The human body cannot produce CLA; it can only be 
obtained through diet, including beef and dairy products. The amount of CLA in beef 
and cow’s milk depends on the animals’ diet, which over the years has shifted from 
grazing in pastures to prepared feeds to make them gain more weight and produce more 
milk. As a result, the CLA content in beef and dairy products has declined steadily.

Daily dietary intake of CLA by humans is rarely known, due to wide variability in 
the food habits among various regional human populations. Dietary CLA is approxi-
mately 0.2% by weight in vegetable oils (6). The amount of CLA is higher in partially 
hydrogenated soyabean oil and margarine (7). However, CLA is present in large quanti-
ties (40–80% of total fatty acids) in tung seed oil, pomegranate seed oil, catalpa seed 
oil, and bitter gourd seed oil (8, 9). These seed oils contain a mixture of several CLA 
isomers like trans9-trans11-trans13-18: 3, trans9-trans11-cis13-18: 3, cis-9-trans11-
trans13-18: 3, cis9-trans11-cis13-18: 3, and trans8-trans10-cis12-18: 3. Table 12.1 
presents a list of foods containing CLAs.
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12.2  BIOSYNTHESIS OF CLA

CLA is a derivative of positional and geometrical isomers of linoleic acid (LA, 
C18:2) involving a double bond at positions 8 and 10, 9 and 11, 10 and 12, or 11 and 
13 (10). Each of these positional conjugated diene isomers (Fig. 12.1) can occur in cis–
trans, trans–cis, cis–cis or trans–trans geometrical configuration (10). The major con-
tributors to the formation of CLA in the foods are due to heat treatment (11) and 
microbial enzymatic reactions involving long chain fatty acids mainly linoleic or lino-
lenic acids in the rumen (12). CLA is produced in the rumen as a result of incomplete 
biohydrogenation of LA as well as during the commercial manufacture of dairy prod-
ucts (13). Dietary lipids in the rumen are rapidly hydrolyzed resulting in unsaturated 
free fatty acids that undergo biohydrogenation by the rumen microorganisms. When 
biohydrogenation is not complete, CLA can escape the rumen and be absorbed from the 
gastrointestinal tract, thereby providing the peripheral tissues with various isomers of 
CLA (14).

A first pathway is the biohydrogenation of ingested dietary unsaturated fatty acids, 
e.g., LA, into stearic acid by enzymes of different bacteria present in the rumen (15). 
Various TFA appear along this biohydrogenation pathway as intermediates, e.g., 9c11t-
C18:2 (the main CLA isomer in milk) and trans-vaccenic acid (11t-C18:1). Kepler and 
Tove (16) extracted a linoleate isomerase (EC 5.2.1.5) from the rumen bacteria 
Butyrivibrio fibrisolvens, which is responsible for the isomerization of LA into 9c11t-
C18:2 in the first step. In the following, the double bond in position D9 is hydrogenated 
to form trans-vaccenic acid. The last step of the bioconversion is the reduction of trans-
vaccenic acid into stearic acid. This seems to be the rate limiting reaction. Therefore, 
the intermediate products 9c11t-C18:2 and trans-vaccenic acid are accumulated (17), 
and they will be absorbed in the intestine and incorporated into different tissues.

In the second pathway (Fig. 12.2), CLA is formed by D9-desaturation of trans-vac-
cenic acid in adipose tissue and in the mammary gland of the lactating cow Griinari et 
al. (18). The endogenous synthesis in the mammary gland was reported to be very 
important, as about 60% of CLA in milk fat is formed via this pathway in the lactating 
cow. CLAs were discovered accidentally by researchers looking for mutagens in beef. 

9Z, 12Z-Octaddienoic acid (9c12c-C18:2, Linoleic Acid)

9Z, 11E-Octaddienoic acid (9c11t-C18:2, Linoleic Acid)

10E,12Z-Octaddienoic acid (10t12c-C18:2, Linoleic Acid)

Fig. 12.1. Chemical structure of linoleic acid and conjugated linoleic acid (9c11t-/10t12c-C18:2).
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In 1979, researchers from the University of Wisconsin applied a beef extract to mice 
skin (11). The mice were then exposed to a strong carcinogen, which was isolated from 
tobacco plants. When the researchers counted the number of tumors developed by the 
mice 16 weeks later, they found that the mice exposed to the beef extract had 20% less 
number of tumors. The identity of this anticarcinogen was not discovered till 1987.

12.3  IMMUNOMODULATORY POTENTIALS OF CLA

During infection pathogen and/or its end products such as endotoxins or lipopolysac-
charides can extract out a series of immune responses in mammalian body (Fig. 12.3). 
Endotoxins initiate the secretion of cytokines (TNF-a, IL-1) which in turn cause biochemi-
cal changes in other cells (19, 20). TNF-a is a key mediator of many diseases such as 
cachexia (19, 21), carcinogenesis (22, 23), atherosclerosis (24), etc. Earlier research studies 
on rats, chicks, and mice showed that CLA feeding reduced the adverse effects of endotox-
ins by reducing body weight loss and improving food intake (25, 26). CLA treatment also 
reduced the secretion of TNF-a when cells were stimulated with lipopolysaccharides.

The mode of action of CLA that affects the immune response is through the reduction 
of prostaglandin E

2
 which is a regulator of TNF-a. It is reported that CLA reduces ara-

chidonic acid levels in tissues that help in the formation of prostaglandin E
2
. As a result 

of less arachidonic acid, CLA decreased the level of prostaglandin E
2
 in serum, spleen, 

bone, adipose tissue, keratinocytes, and macrophages (25, 27). The reduced adverse 
effect of endotoxin or TNF-a by CLA was not due to immune suppression because 
CLA also enhanced immune responses like delayed type hypersensitivity and 
 lymphocyte blastogenesis (25, 26). The results of these studies that use animal models 

Fig. 12.2. Pathways of CLA biosynthesis (9c11t-C18:2).
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suggest that CLA enhances immune function (28–31) while ameliorating immune 
mediated catabolism (25, 26, 32).

Other reports state that CLA enhanced T-cell function but had no effect on delayed 
type hypersensitivity or B-cell or natural killer cell activity in mice (33). A research on 
young healthy women given a dosage of 3.9 g/day CLA for 2 months reported no dif-
ference in immune parameters tested between CLA-fed and the control groups (34). A 
study also stated that CLA reduced transplanted tumor growth in severe combined 
immunodeficient (SCID) mice, which lack both T and B lymphocytes (35, 36). All 
these above reported studies suggest that CLA enhance beneficial immune response and 
ameliorate catabolic immune responses.

In a recent study, the differences in effects of CLA on immunoglobulin subclasses 
has been observed, when trans-10, cis-12 CLA was fed in human subject. Lymphocytes 
isolated from these subjects produced more immunoglobulin A (IgA) and IgM but not 
IgG in comparison with controls (37). The results showed that the 50:50 mixture of fatty 
acids cis-9, trans-11, and cis-12 CLA increased antigen-specific antibody concentration 
compared with the 80:20 mixture in human subjects (38). Cis-9, trans-11 CLA isomer 
was also involved in the enhancement of CD8+ T cells. In this study, the 80:20 mixture 
significantly enhanced peripheral blood lymphocyte proliferation in response to the 
T-cell mitogen phytohemagglutinin, whereas the treatment with the 50:50 mixture sig-
nificantly decreased concanavalin A (Con A) induced blastogenesis (39).

Suppression of the immune system could have explained the ability of dietary CLA 
to prevent immune-induced Cachexia. Contrary to immune suppression, dietary CLA 
enhanced immunological responses (40). Dietary CLA increased antibody synthesis 
(41), increased delayed type hypersensitivity (25), and increased lymphocyte blastogen-
esis (26). Hence, CLA protection against cytokine induced decreases in gain was not 
related to immune suppression.

Pathogen

Macrophages

Lyphocytes

Proliferated Lyphocytes

Proliferation

Cytokines

Fig. 12.3. During the immune response, cytokines are released from macrophages to stimulate 
lymphocytes to proliferate.
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To investigate CLA’s role in eicosanoid regulation, an antigen sensitized guinea pig 
model fed with CLA was studied by Whigham et al. (42). During their experimentation, 
following antigen sensitization the trachea was collected and superfused with antigen. 
The trachea from CLA fed guinea pig has decreased antigen-induced prostaglandin E

2
 

and histamine release. They also checked the eicosanoid profile of antigen sensitized 
lung, trachea, and bladder, and found that basal mediators, prostaglandin and leukot-
rienes were not affected by CLA feeding. After antigen sensitization of tissues, there 
was a significant increase in both the leukotrienes and prostaglandins in tissues of 
guinea pigs fed with LA. Antigen-induced mediator release was inhibited in tissues 
from the CLA fed guinea pigs. Another study examined the immunomodulatory role of 
CLA in mice and rats (26) and results showed that CLA protected against immune 
stimulation across animal species. Research had shown that during the immune 
response, macrophages release cytokines IL-1 and TNF-a which later induce the deg-
radation of skeletal muscle and decrease muscle synthesis (43). It was clear from study 
that IL-1 stimulated the production of prostaglandin E

2
 in muscle (44). When prostag-

landin E
2
 was directly applied to muscle, it would begin a wasting process (Fig. 12.4) 

(45). Prostaglandin E
2
 is an elongated desaturated product of LA. CLA was protecting 

against cytokine-induced muscle wasting by altering the eicosanoid pathway (25) but 
CLA decreases prostaglandin synthesis in a number of tissues (46, 47).

To determine the immune suppression activity by CLA, a study was conducted in 
chicks but there was no positive response. Lymphocytes were harvested from CLA fed 
mice to determine if it affects lymphocyte proliferation. The lymphocytes from CLA fed 
and lymphocytes treated in culture with CLA enhanced proliferation (26). It was also 
observed that CLA increased CD4 and CD8 lymphocyte synthesis increasing natural 
killer cell number and function (48). Hence, these studies clearly stated that CLA was 
not suppressing the immune response but enhances the immune response. Recent stud-
ies have suggested that CLA decreases the allergic reaction (46). The experiments 
conducted shows that CLA drives the immune reaction toward a TH

2
 type of immune 

response, thereby decreasing allergies (41).
CLA and n-3 PUFAs have been proposed as important pharmaconutrients for modu-

lating mucosal immunity and therapeutic responses in patients with inflammatory 
bowel disease (IBD) (49). Recent studies evaluated the ability of CLA and n-3 PUFA 

Macrophages

Pathogen
Linoleic acid

Prostaglandinds

Muscle cell

Muscle Catabolism

Fig. 12.4. CLA catabolism end products (prostaglandins) and their role in muscle catabolism and 
immune response.
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alone or in combination to modulate IBD in an experimental pig model of dextran 
sodium sulfate (DSS)-induced colitis. The onset of IBD was delayed, colitis less severe 
and growth suppression attenuated in pigs fed with CLA, which correlated with induc-
tion of colonic peroxisome proliferator-activated receptor-gamma (PPAR-g) and its 
responsive gene PPARg-coactivator-1alpha (PGC-1a) and downregulation of TNF-a. 
However, dietary supplementation with n-3 PUFA alone or in combination with CLA 
resulted in an early onset of disease (i.e., day 2) and faster recovery.

CLA reduces bone inflammation (50) and has a positive role in bone formation in 
rats (51). CLA also improves immune response in healthy men and protects against 
end-stage symptoms of lupus erythematosus. Multiple studies have found CLA to 
increase markers of lipid peroxidation and oxidative stress in both healthy and obese 
humans (52, 53). Few studies supported the fact that CLA may downregulate type I 
hypersensitivity reactions, leading to less severe immune responses to allergens. CLA 
may shift the immune response from a TH-2 response (allergic reactions) in favor of a 
TH-1 type response (cell-mediated functions) (54).

12.4  CONCLUSIONS AND PERSPECTIVES

Several mechanisms are proposed to demonstrate the effects of CLA on the immune 
system. With the effects of the basal mediators of immunity, it was clearly demonstrated 
that CLA have modulating effects on TNF-a by altering eicosanoid signaling (55). 
When eicosanoid signaling is altered, it affects an array of biological functions such as 
cytokine synthesis, antigen presentation, and various other immunological functions. In 
another remarkable study, CLA was actively inhibiting prostaglandin E

2
 synthesis with 

likely consequences on immune modulation (56). CLA supplementation in humans led 
to an increase in cis-9, trans-11 CLA incorporation into cell membranes of isolated 
peripheral mononuclear cells in comparison with the control subjects having no CLA in 
their diet (38). Modification of cell membrane results in eicosanoid production and vari-
ous cell signaling processes. Cell to cell contact is critical during the development of T 
and B cell functions. This mechanism clearly demonstrates the immunomodulatory 
effects of CLA.

An alternative hypothesis proves that CLA interacts with peroxisome proliferators 
activated receptors (PPARs) that regulate the expression of genes for energy homeosta-
sis and immune function (32). PPARs bind to PPAR receptor and suppress or induce the 
transcription of target genes. The change in gene expression shows effects in myriad of 
cellular metabolic pathways such as lipid, carbohydrate, and energy metabolism in non-
immune and immune cells (57). The CLA isomers are active modulators of PPARs (58, 
59). These receptors enhance immune response and regulate gene expression. In similar 
action to CLA, synthetic PPAR-g agonists inhibit the proinflammatory cytokines affect-
ing the differentiation of monocytes and macrophages (60).

Definitive molecular evidence in vivo on the mechanisms of CLA action is unknown. 
The use of tissue specific PPAR-g deficient mice can provide an insight into the mecha-
nism of action of CLA. The understanding of the mechanism of action of CLA that 
triggers immune function will aid in the development of nutritionally based therapeutic 
applications to enhance host resistance against infectious diseases and to treat immune 
imbalances, which results in inflammatory disorders, allergic reactions, and other 
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immunogenic reactions (61). If the potential benefits of CLA can be characterized fur-
ther, it can result in increased demand for the consumption of animal derived foods such 
as dairy foods and a boost to the dairy industry.
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13 Vitamins and Minerals: Contribution 
to Immune Function and Health

Silvia Maggini

Key Points

Diet and nutrition are important in the promotion and maintenance of good health •	
throughout the entire life.
A common denominator playing a role in the prevention of both chronic diseases and •	
infections and hence important for maintaining health is a good functioning immune 
system.
The competence of the immune system is an excellent marker of proper nutrition status •	
and health and several changes in immune functions have been related to longevity.
Preservation of a functionally youthful immune system throughout the years, includ-•	
ing ensuring adequate vitamin and mineral status, is the best way to preserve health 
throughout life and to gain longevity accompanied by good quality of life.

Key Words:  Chronic diseases, infectious diseases, immune system, immunonutrition,  
vitamins, minerals, trace elements.

13.1  INTRODUCTION

Diet and nutrition are important factors in the promotion and maintenance of good 
health throughout the entire life course. Both play a role as determinants of chronic 
diseases and occupy a prominent position in prevention activities (1–3). Adoption of 
recommended dietary behaviors was associated with lower mortality independent of 
other lifestyle factors (4). Nutrition has been related to 20–50% of all cancers (5–9) and 
in atherosclerosis dietary factors can influence inflammatory cells directly or be associ-
ated with plaque formation in coronary arteries (10, 11). The profound interactions 
among nutrition, infection, and health have long been recognized (12, 13). It soon 
became evident that the interrelationship between undernutrition and infection was 
synergistic with the effects of the combination being worse than what would be 
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 predicted from either alone (14). A common denominator playing a role in the preven-
tion of both chronic diseases and infections is a healthy and good functioning immune 
 system. It has been demonstrated that the competence of the immune system is an excel-
lent marker of health and several changes in immune functions have been related to 
longevity (15–17). The age-related impairment in immune functions, for example, is the 
cause of the increased vulnerability to infections, cancer, and auto-autoimmune disor-
ders in older age (17–21). The contribution of the diet to immune function has become 
widely appreciated, and the influence of various dietary components on specific aspects 
of immune function has been extensively studied (22–27). It is now widely recognized 
that the general nutritional status of a person modulates his or her immunity and in fact, 
immunocompetence can be regarded as a measure of adequate nutrition. Next to macro-
nutrients comprising aminoacids, fatty acids, nucleotides, gangliosides, or other dietary 
components such as probiotics an adequate and regular supply of essential vitamins and 
minerals (including trace elements) is required to maintain proper immune function (25, 
28, 29), and can hence contribute to disease prevention and overall health. This chapter 
first describes the relationship between micronutrients and both chronic and infectious 
diseases, and then illustrates the role that specific micronutrients play in supporting 
various aspects of immune functions, thereby setting the foundation for health.

13.2   MICRONUTRIENTS, CHRONIC DISEASES, AND INFECTIONS

13.2.1  Chronic Diseases
The nutrition-transition toward higher fat and refined carbohydrate diets occurring 

worldwide combined with increasingly sedentary lifestyles plays a central role in the 
current global epidemic of obesity and the associated noncommunicable conditions such 
as diabetes type 2, hypertension, cardiovascular diseases, stroke, some types of cancer, 
and osteoarthritis. Overall, this is leading to widespread work disability and is negatively 
impacting the quality of life and increasing mortality (1, 30, 31). Furthermore, the cur-
rently augmented life expectancy is leading to a demographic revolution with an expo-
nential increase of elderly individuals. As individuals age, noncommunicable diseases 
will become the leading causes of morbidity, disability, and mortality in all regions of the 
world. Chronic diseases are costly to individuals, families, and public budgets, but many 
of them are preventable or can be postponed (32). Nutrition is emerging as a major modi-
fiable determinant of chronic disease, with scientific evidence increasingly supporting 
the view that alterations in diet have strong effects, both positive and negative, on health 
throughout life. Most importantly, dietary adjustments may not only influence present 
health, but may also determine whether or not an individual will develop such diseases 
as cancer, cardiovascular disease, and diabetes much later in life (1, 2, 23).

As part of a healthy diet, micronutrients such as vitamins and minerals have a role to 
play in the prevention of chronic diseases. The results of more than 80 studies indicate, 
for example, that even moderately elevated levels of homocysteine in the blood increase 
the risk of cardiovascular diseases (33, 34). The mechanisms by which homocysteine 
increases the risk of vascular disease remain the subject of a great deal of research, and 
they may involve adverse effects of homocysteine on blood clotting, arterial vasodila-
tion, and thickening of arterial walls (34, 35). The amount of homocysteine in the blood 
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is regulated by three vitamins: folate, vitamin B12, and vitamin B6 (33, 34). Although 
increased homocysteine levels in the blood have been consistently associated with an 
increased risk of cardiovascular diseases, it is not yet clear whether lowering homo-
cysteine levels will reduce cardiovascular disease risk. Still, most research indicates that 
a plasma homocysteine level of <10 mmol/l is associated with a lower risk of cardiovas-
cular disease and is considered a reasonable level for individuals at high risk (36). A 
final answer on whether folate, vitamin B6, and B12 are beneficial for the prevention or 
treatment of heart disease or stroke is still pending depending on the outcome of ongo-
ing clinical trials. However, it is well established that the amount of homocysteine in the 
blood is regulated by B vitamins. Therefore, folate, vitamin B12, and vitamin B6 (33, 
34) play a role in modulating homocysteine metabolism and possibly contribute to 
maintaining a healthy and vital heart. Elevated homocysteine concentrations may also 
have indirect long-term negative effects on brain functions. It has been proposed that 
B-vitamins may function to preserve and protect the integrity of the central nervous 
system via their role in the reduction of homocysteine thus preventing vascular disease, 
which is in turn crucial to cognitive function (37–40). Indeed, cognitive decline in the 
elderly or Alzheimer’s disease have been associated with inadequate nutritional status 
of folic acid, vitamin B12, and vitamin B6 or with elevated levels of homocysteine 
(37–39, 41). Furthermore, supplementation with folic acid for 3 years significantly 
improved domains of cognitive function that tend to decline with age in elderly with 
elevated homocysteine levels (42).

Antioxidants are needed by the human body for the protection of cell tissues and 
membranes against freeradical induced damage. Although oxidation reactions are cru-
cial for life, they can also be damaging; for this reason, plants and animals maintain 
complex systems of multiple types of antioxidants, such as glutathione, vitamin C, vita-
min E, selenium as well as enzymes, such as catalase, superoxide dismutase, and vari-
ous peroxidases, utilizing the trace elements copper, manganese, and selenium. Low 
levels of antioxidants or inhibition of the antioxidant enzymes cause oxidative stress 
which has been suggested to be involved in the etiology of a host of chronic diseases, 
including cancer, cardiovascular disease, cataracts, age-related maculopathies, and 
aging in general (43–49). Dietary antioxidants have long been considered promising for 
health promotion based on strong and consistent observational data linking higher 
intakes or status to lower risks of various chronic diseases and on a large body of experi-
mental evidence demonstrating several mechanisms by which they antagonize patho-
genic processes (43–51). Recent randomized studies largely failed to support health 
benefits of antioxidants for conditions such as cardiovascular disease and cancer. 
However, so far randomized clinical studies have largely failed to study susceptible 
populations; have often ignored the role of synergistic cofactors; used the incorrect type, 
dose and forms of antioxidants; had insufficient duration/follow-up, poor compliance, 
and most importantly very often lacked any determination of the antioxidant status or 
oxidative stress status (52–54).

The outcome of most prospective studies indicated that low or deficient intakes of 
vitamin C were associated with an increased risk of cardiovascular diseases and that 
modest dietary intakes of about 100 mg/day were sufficient for maximum reduction of 
cardiovascular disease risk among nonsmoking men and women (55). The results of the 
pooled analysis of prospective cohort studies suggested that maximum reduction of 
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coronary heart disease risk may require vitamin C intakes high enough to saturate 
plasma and circulating cells and thus the vitamin C body pool (56). It was recently 
shown (49) that an increase in dietary vitamin C intake was associated with less intima 
media thickness and may protect against the progression of carotid atherosclerosis in 
elderly men. The brain is also particularly vulnerable to oxidative stress, which is 
thought to play a role in the pathology of neurodegenerative diseases like Alzheimer’s 
disease (51). Some studies have documented low levels of vitamin E in cerebrospinal 
fluid of patients with Alzheimer’s disease (57). A case-control study examining risk 
factors for vascular dementia, another common type of dementia, in elderly men found 
that supplemental vitamin E and vitamin C intake was associated with a significantly 
decreased risk of vascular and other types of dementia but not Alzheimer’s dementia 
(58). Recent research has identified oxidative stress as one potential feature underlying 
the toxic effects of air pollutants, which epidemiological studies have clearly shown to 
be associated with a range of negative respiratory and cardiovascular health effects and 
increased mortality (59, 60). Short-term randomized supplementation trials suggest that 
antioxidant micronutrients and n-3 polyunsaturated fatty acids might protect against the 
acute effect of these pollutants, particularly in vulnerable subgroups (61–63).

A vitamin which has attracted a lot of attention in the recent past is vitamin D. 
Vitamin D has been recognized for more than a century as essential for the normal 
development and mineralization of a healthy skeleton. However, the pioneering work of 
Holick and other researchers (64–75) has opened a wide field of investigation that has 
now linked vitamin D deficiency to increased risk of cancer, cardiovascular diseases, 
autoimmune diseases, and infectious diseases (64–78).

Inflammation is a natural process of the body’s healing system, indicating increased 
immune activity at areas of the body which are ill or injured (79–81). As for reactive 
oxygen species, it is a matter of balance: too much inflammation can cause tissue 
damage and contribute to the development of chronic diseases. Several diseases that 
exist among the apparently well-nourished population have a strong immunological 
component, for example asthma (82–84), Crohn’s disease (85), irritable bowel syn-
drome (86), multiple sclerosis (87–89), rheumatoid arthritis (90–93), food allergies 
(94, 95), atherosclerosis (96–98), and cancer (99, 100). For some of these diseases, 
symptoms may be caused or aggravated by an inappropriately activated immune sys-
tem (101). It is now well recognized that the course of some of these diseases can be 
influenced by diet, including n-3 polyunsaturated fatty acids as well as various micro-
nutrients (101). Inflammatory states promote, for instance, a decrease in the amount 
of systemic glutathione (reduced glutathione, GSH) levels. The functions of GSH 
include antioxidant defense and immune regulation (102). The vitamins B6 and B2 
are important in maintaining GSH status (103). Selenium has important oxidation–
reduction functions, and selenium-dependent GSH enzymes are involved in the reduc-
tion of damaging lipid and phospholipid peroxides to harmless products (104). 
Furthermore, any other antioxidant micronutrient – such as beta-carotene and vita-
mins A, C, and E – can become depleted during inflammation (105). There are, there-
fore, numerous examples highlighting the importance of adequate micronutrient 
status in order to prevent chronic diseases and to counteract some of the negative 
effects of excessive oxidative stress and inflammation. Some of the mechanisms 
involved in disease prevention are linked to immune functions.
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13.2.2  Infectious Diseases
Every second of our life, during day and night, immune defenses are constantly 

 protecting the human body not only against attack and invasion by external pathogens 
such as fungi, bacteria, viruses, but also against internal threats such as cancer cells. 
Over millions of years, the human defense arsenal has coevolved to meet various attack-
ers and now ranges from simple physical barriers (skin, mucosa) to sophisticated cells 
as well as biological, chemical, and nuclear weapons (antibodies, cytokines, and free 
radicals, respectively) (106–109). Nevertheless, new or reemerging infectious diseases 
are still major health issues in the twenty-first century.

Infectious diseases are the leading cause of death worldwide and also the third lead-
ing cause of death in the United States (110). The past decades have seen the emergence 
of new pathogenic infectious diseases, such as acquired immunodeficiency syndrome, 
multidrug-resistant tuberculosis, avian (111–115) and swine (116, 117) flu, and tick-
borne diseases, which represent a substantial global threat to human health (118–120). 
Infections are particularly prevalent in developing countries, where coinfection with 
opportunistic pathogens is common. The adverse impact of infectious diseases is most 
severe among people with poor nutritional status, no access to integrated health care, 
prevention tools, and medications. Infectious diseases constantly raise awareness of our 
global vulnerability, the need for effective preventive measures – including vaccines but 
also supplementation or fortification with critical micronutrients – and strong health 
care systems (110, 121). Between 14 and 17 million people die each year due to infec-
tious diseases (110, 121, 122). Children are particularly vulnerable: pneumonia, 
diarrhea, and malaria are leading causes of death among children under age five and 
diseases such as cerebral malaria can cause permanent mental impairment (110, 121, 
122). Studies in more than 12,000 children have demonstrated that zinc supplementa-
tion alone produced a 20% reduction in overall diarrhea incidence, a 15% reduction in 
overall incidence of acute lower respiratory infections, a 6% reduction in overall child 
mortality – the latter observed in studies with more than 200,000 children (123). 
Similarly, high-dose vitamin A supplementation is known to reduce morbidity and mor-
tality in acute measles and is now the recommended therapy for measles in developing 
countries and in the United States (124, 125). In addition, the benefits of vitamin A 
supplementation in reducing the morbidity and mortality from diarrhea in preschool 
children in developing countries have been reviewed along with data showing reduction 
of morbidity and mortality from acute respiratory infections, malaria, tuberculosis, and 
infections in pregnant and lactating women (126). Infectious diseases are also  destructive 
to the health of adults, causing a diminished quality of life, decreased productivity, dis-
ability or death (110, 121). People infected with one infectious disease become more 
susceptible to other diseases. Examples include: HIV/AIDS coinfection with  tuberculosis 
or malaria coinfection with multiple neglected diseases (127–129).

There are various reasons why infectious diseases should not be underestimated in 
the developed world. By interfering with natural selection, via e.g., excessive hygiene, 
excessive use of antibiotics etc., the human species as a whole may have become more 
susceptible to new infections (120). Bacteria and viruses are where nature’s immense 
creative power (i.e., mutation) is most directly effective, constantly generating new 
agents and variants to attack our defenses (130, 131). The growing human population 
density, cities and slums together with poverty, famine, war, etc., enable the new agents 
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to catch hold and reach critical epidemiological mass. This combined with the “shrink-
ing” world means the rapid and global exposure of diverse populations facilitating the 
establishment of serious epidemics (118–120). Changes in the climate, such as global 
warming, can cause microorganisms to adapt and create new strains, which can give 
them an evolutionary advantage and new pathogenicity (118, 119).

While multiple factors determine whether an individual will become sick or not, 
the immune system remains the first line of defense against all external pathogens and 
noxious insults. Furthermore, infectious diseases can affect the status of several nutri-
ents in the body, thus setting up a vicious circle of undernutrition, compromised 
immunity and recurrent infection. Therefore it is of utmost importance to adequately 
feed the immune system by providing those micronutrients – e.g. vitamins A, D, E, 
C, B6, B12, and folate as well as of the minerals selenium, zinc, iron, and copper (25, 
28, 29) – needed to ensure proper functioning. Further examples of the roles of micro-
nutrients in supporting immune functions and combating diseases will be given in the 
following sections.

13.3  THE IMMUNE SYSTEM NEEDS MICRONUTRIENTS

13.3.1  The Immune System
The immune system is a complex and sophisticated network of specialized tissues, 

organs, cells, proteins, and chemicals (including free radicals) which has evolved in order 
to protect the host from a range of dangerous agents such as bacteria, virus, fungi, para-
sites as well as cancer cells; foreign substances or matter as for instance organ transplants 
and other noxious insults (for recent reviews see (107–109)). Innate immunity ensures 
the first, nonspecific response of the immune system to a foreign attack. It is found in 
nearly all forms of life and it is present already at birth and ensures an immediate maxi-
mal response upon exposure. Examples of innate immunity include physical barriers 
such as skin, mucus secretions, and the acidity of the stomach, acute phase proteins and 
enzymes, and an array of cellular components involved in phagocytosis (monocytes, 
macrophages, dendritic cells, granulocytes, etc.). Adaptive immunity is the second bar-
rier to infection taking over if the innate immunity cannot clear the infection in a short 
time. It is found only in jawed vertebrates and is acquired later in life, such as after an 
immunization or successfully fighting off an infection. It retains a memory of all the 
invaders it has faced, and so the second time an intruder tries to attack the body, B and 
T memory cells help the immune system to activate much faster. This response is patho-
gen and antigen specific and requires a lag time between exposure and maximal response. 
It consists of both cell-mediated and humoral components. Cells of adaptive immunity 
include B-cells and T-cells (cytotoxic, helper and regulatory T-cells). Cytotoxic T lym-
phocytes express the surface protein marker CD8+ and kill cells infected with viruses 
and cancer cells. T helper cells are characterized by the surface marker CD4+. CD4+ 
cells function either as T helper cells type 1 (Th1) or type 2 (Th2). Th1 and Th2-type 
activities are considered to be of utmost importance and guarantee an adequate and effi-
cient immune response (132, 133). Th1 are the major promoters of cell-mediated reac-
tions involved in effective defense against intracellular pathogens, while the Th2 response 
primarily activates humoral immunity and the antibodies produced are only effective 
against pathogens in the extracellular fluids (106). Both CD4+ and CD8+ cells produce 
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immunomodulatory cytokines (107). Humoral immunity refers to the branch of immu-
nity that is mediated by secreted antibodies produced in the B-cells. Secreted antibodies 
bind to antigens on the surfaces of invading pathogens presenting them to macrophages 
for destruction. An important weapon of the immune system is generation of reactive 
oxygen species which can act directly to incapacitate pathogens or can act indirectly, for 
example, by modulating gene expression (134, 135). The oxidant-antioxidant balance is 
an important determinant of immune function, and immune cells are particularly sensi-
tive to changes in this balance because of the higher percentage of polyunsaturated fatty 
acids in their plasma membranes (135). Oxidative damage can lead to a loss of mem-
brane integrity, altered membrane fluidity and result in alterations in the transmission of 
signals both within and between different immune cells (134–139).

Immune function is influenced by a variety of different factors, including genetic as 
well as environmental factors. Previous exposures to a disease-causing pathogen or 
 vaccinations also determine the immune response. Interindividual variations in many 
immune functions are due to genetics, age, gender, stage in the female menstrual cycle, 
body mass index, diet, and lifestyle (26, 27). Alcohol consumption, stress  (environmental, 
physiological, and psychological), anxiety and depression, intensity, and duration of 
physical exercise are additional factors impacting immune functions (27).

13.3.2  Micronutrients for Immune Function
Diet and nutrient status are important factors contributing to immunocompetence. 

Recently, substantial research has focused on the role of nutrition and especially on the 
contribution of micronutrients to an optimum functioning of the immune system (25–29). 
Vitamins and minerals, including trace elements, are essential active agents required by 
every living cell for growth, development and all metabolic pathways and are crucial to 
their well-balanced coordination. They are, thus, indispensable for maintaining health 
and life of all living organisms, from bacteria to humans. Minerals and trace elements are 
inorganic substances and have to be taken up by all living organisms, whereas vitamins 
can be synthesized by many species. Humans, however, have lost this ability and cannot 
synthesize vitamins (except vitamin D) , andtherefore are dependent on a continuous 
exogenous supply. A regular and adequate intake of these micronutrients is required to 
remain healthy and to be able to function. This indispensability of regular intake is 
expressed in the need for official Recommended Dietary Allowances (RDAs) elaborated 
and published by most health authorities, especially in the developed countries for exam-
ple (43, 140–142). Insufficient intake of multiple nutrients is more frequently occurring 
than a single deficiency due to poor nutrition, especially in developing countries, but 
micronutrient undernutrition is also observed in industrialized countries (25, 143, 144). 
Deficiencies of more than one micronutrient can arise in such situations and risk groups 
as weight reducing diets; insufficient and imbalanced nutrition; eating disorders; in 
demanding periods such as during extensive exercise or in situations of emotional and 
physiological stress; increased requirements, e.g., pregnancy, lactation; growth; among 
the elderly, in smokers and individuals with chronic alcohol abuse, in patients with cer-
tain diseases and following frequent infections (25, 143, 144).

Already marginal micronutrient deficiencies suppress immunity by affecting innate, 
T-cell mediated and adaptive antibody responses, leading to dysregulation of the  balanced 
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host response. Micronutrients that have been demonstrated to be required for the immune 
system to function efficiently include vitamin A, folic acid, vitamin B6, vitamin B12, 
vitamin C, vitamin E, vitamin D, zinc, copper, iron, and selenium (23, 25, 27–29). These 
vitamins and minerals contribute to the body’s natural defenses on three levels by sup-
porting physical barriers (skin/mucosa), cellular immunity, and antibody production. 
Vitamins A, C, E, and the trace element zinc assist in enhancing the epithelial barrier 
function. The vitamins A, B6, B12, C, D, E, and folic acid and minerals iron, zinc, cop-
per, and selenium work in synergy to support the protective activities of the immune 
cells. Finally, all these micronutrients, with the exception of vitamin C and iron, are 
essential for antibody production. Overall, inadequate intake and status of these vitamins 
and minerals/trace elements may lead to suppressed immunity, which predisposes to 
infections and aggravates malnutrition. In addition, micronutrients also have a role to 
play in the prevention of chronic diseases through mechanisms at least in part linked 
to proper immune function. Low levels of antioxidants, inhibition of the antioxidant 
enzymes and excessive inflammation cause oxidative stress involved in the etiology of a 
host of chronic diseases (20, 44, 45, 87–93, 96, 97, 99, 100). Chronic inflammation elic-
its changes in body composition, alters the use of various macronutrients and increases 
cellular consumption of important vitamins and minerals (145). Usually, the inflamma-
tion and tissue destruction that are associated with the mechanisms used to eradicate a 
pathogen are acceptable to the host and do not cause significant impairment of host func-
tion. However, in some cases the destruction by the activated immune system is substan-
tial, long-lasting, and harmful. It is because of the potentially damaging effects of the 
immune cells on body tissues that the system is very tightly regulated. Failure of these 
regulatory mechanisms can result in the full might of the immune system being inap-
propriately directed against the body’s own tissues and in the development of chronic 
inflammatory or autoimmune diseases. Clearly, attempts to modulate immune function 
by nutritional means are appropriate in these conditions. Promising micronutrients 
include vitamin A and D and their metabolites via their immunomodulatory properties 
(146–151) or vitamins and minerals involved in antioxidant defenses (145).

Several reviews have recently evaluated the role of selected vitamins and minerals in 
immune function (22, 23, 25–29), therefore only an overview summarizing the main 
outcome of these papers is shown in Tables 13.1–13.3.

The next sections focus on some examples highlighting the multifaceted roles of some 
selected micronutrients on different aspects of immune function and hence health.

13.3.3  Micronutrient Deficiencies and Increased Virulence
The previous sections have illustrated how proper nutrition is important from the 

standpoint of the host in order to support immune functions. However, the pioneering 
work of Melinda Beck has shown that nutrition plays a role also from the standpoint of 
the pathogen. On one hand, proper nutrition aids the host in withstanding and respond-
ing to a viral infection, at the same time an adequate diet may also decrease the oppor-
tunity for the pathogen to increase its fitness by mutation.

Using a mouse model of coxsackie virus-induced myocarditis, Beck and coworkers 
(152–156) have shown that in an infected host, deficiency in either selenium or vitamin 
E lead to changes in viral phenotype, such that a nonvirulent strain of the virus became 
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virulent and a virulent strain became more virulent. The change in phenotype was 
shown to be due to point mutations in the viral genome. Once the mutations occurred, 
the phenotype change was stable and could be expressed even in mice with normal 
nutrition (152–156). More recently (157), copper has also been linked to increased viru-
lence of coxsackie virus strains in animals. Copper deficiency increased viral replica-
tion in the heart, increased cardiac pathology and appeared to impair specific antibody 
production and increase pro-inflammatory gene expression, overall leading to higher 
viral load and subsequently enhanced pathology (157).

Therefore, if the nutritional status of the host is poor, due to either single or multiple 
micronutrient deficiencies, the negative consequences are twofold. First, the host immune 
system is compromised, which will lead to an increased susceptibility to infectious disease. 
Second, the micronutrient deficiency can increase the pathogenicity of the invading viruses, 
further worsening the host’s situation and endangering those in his/her neighborhood.

13.3.4  The Multiple Roles of Vitamin D in Immune Functions and Health
Vitamin D is produced in the skin from endogenously available  7-dehydrocholesterol, a 

precursor of cholesterol, by the action of sunlight or UV light. Few foods (e.g., oily fish) 
naturally contain or are fortified with vitamin D (73, 158, 159). Vitamin D (calciferol) itself 
is not known to have any biological activity as such, but has to be converted into biologi-
cally active metabolites 25-hydroxy cholecalciferol [25(OH)D3], formed in the liver, and 
1,25-dihydroxy cholecalcierol [1,25(OH)2D3], produced in the kidneys. Vitamin D is his-
torically known for its role in preventing rickets and maintaining bone health, but the sub-
sequent discoveries of its hormonal activation and its nuclear receptor binding both possible 
in many tissues have opened new avenues for this “old” vitamin (160).

Serum 25(OH)D3 concentration is the functional status indicator for both vitamin D 
efficacy and safety. Vitamin D deficiency is defined by most experts as a 25(OH)D3 
level of less than 20 ng/ml. 25(OH)D3 between 21 and 29 ng/ml indicates a relative 
insufficiency and a level of 30 ng/ml or greater indicates sufficient vitamin D status (73, 
161, 162). Vitamin D intoxication is only observed when serum levels of 25(OH)D3 
exceed 150 ng/ml (73, 163). Worldwide, it is estimated that 30–50% of the general 
population is vitamin D deficient (73, 164, 165). The figures are even worse for vulner-
able target groups such as the elderly. According to several studies 40–100% of both the 
US and European elderly still living in the community (not institutionalized) are vita-
min D deficient (72, 73, 162, 166–170). There is increasing consensus that current 
RDAs between 200 and 400 IU/day (<70 years of age) and 600 IU (>71 years of age) 
(140) are insufficient and experts now recommend daily intakes between 1,000 and 
2,000 IU/day for adults and elderly (73, 162, 163, 171, 172).

1,25(OH)2D3 is the biologically active metabolite of vitamin D, and it regulates gene 
expression in target cells via binding to the vitamin D receptor. Various tissues, includ-
ing brain, prostate, breast, and colon, among others, as well as immune cells carry the 
vitamin D receptor and respond to 1,25(OH)2D3. Directly or indirectly, 1,25(OH)2D3 
controls more than 200 genes, including genes responsible for the regulation of cellular 
proliferation, differentiation, apoptosis, and angiogenesis (73, 173, 174). 1,25(OH)2D3 
decreases cellular proliferation of both normal cells and cancer cells and induces their 
terminal differentiation. Recent research has confirmed that 1,25(OH)2D3 is a potent 
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immunomodulator (76, 175–180). Both innate and adaptive immunity are influenced by 
vitamin D (181) by an ever increasing array of different mechanisms (73, 149, 151, 
182–187). For example, monocytes and macrophages exposed to lipopolysaccharide or 
to Mycobacterium tuberculosis upregulate the vitamin D receptor gene and the 
25-hydroxyvitamin D-1a-hydroxylase gene. Increased production of 1,25(OH)2D3 
results in the synthesis of cathelicidin, a peptide capable of destroying M. tuberculosis 
as well as other infectious agents (188–194). When serum levels of 25(OH)D

3
 fall 

below 20 ng/ml, the monocyte or macrophage is prevented from initiating this innate 
immune response with deleterious consequences for the immune defenses (73, 191). It 
has been also speculated that one of the reasons why influenza occurs in the winter time 
in tepid climates is because the sun is unable to produce vitamin D in the skin, and the 
resulting vitamin D deficiency may promote and enhance the infectivity of the influenza 
virus (73, 191). Vitamin D deficiency has been shown to predispose children to respira-
tory infections and ultraviolet radiation, either from artificial sources or from sunlight, 
reduced the incidence of viral respiratory infections, as did cod liver oil – a source of 
vitamin D (195).Volunteers inoculated with attenuated live influenza virus were more 
likely to develop fever and serological evidence of an immune response in the winter 
(195). There is promising evidence for vitamin D as an adjuvant therapy for  tuberculosis, 
influenza, and viral upper respiratory illnesses (196).

With regard to chronic diseases, epidemiologic studies have associated vitamin D 
deficiency with increased risk of auto-immune diseases, including multiple sclerosis (68, 
197) and rheumatoid arthritis (198–201), cardiovascular diseases (202–204),  diabetes 
(205, 206), and cancers (207, 208) such as colon, prostate, and breast cancer. Obviously, 
correction of low vitamin D status does not guarantee prevention of these multifactorial 
disorders. However, in view of the alarming prevalence of vitamin D deficiency and the 
accumulating epidemiological, experimental, and interventional  evidence supporting the 
health promoting roles of vitamin D, it is highly recommendable to adopt measures aim-
ing at normalizing vitamin D status. A responsible and controlled sun exposure (e.g. 2–3 
times a week, 5–10 min sun on face, arms, and legs as proposed by Holick (69)) or 
dietary supplementation with vitamin D may be easy and cost-effective measures that 
can improve resistance to infections, chronic diseases, and long-term health.

13.3.5  Antioxidants for Immune Functions and Longevity
From the moment we are born, our immune system continually has to face a great 

variety of foreign agents and has to always stay active in order to protect the organism 
against external and internal threats. As illustrated previously, the immune system con-
sists of a wide arsenal of weapons to fulfill its defensive role, among them it relies on 
releasing toxic oxidant and inflammatory compounds. These two defense mechanisms 
are double-edged swords and need to be carefully balanced by adequate defense  systems 
in order to avoid damaging the host.

Aging is accompanied by impairment of the physiological systems, including the 
nervous, endocrine and immune systems, as well as of the nervous-immune communi-
cation. The age-related impairment of immune function is called immunosenescence, 
and it causes increased susceptibility to infections, cancer, and autoimmune diseases 
overall leading to increased morbidity and mortality in older individuals (209, 210). 
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Not all immune cell types or all functions of an immune cell show a significant impairment 
with aging. However, a pronounced decrease in T-cell functions and age-related 
alterations of phagocyte cell functions have been observed (17).

A wide array of representative immune responses and several parameters of oxidative 
stress have been standardized at different ages in mice and humans and demonstrated to 
display similar changes with aging in leucocytes in both species. In a murine model of 
premature aging, these functions showed values characteristic of chronologically older 
animals, and these immunosenescent animals further had a significantly shorter life 
span (18–21). On the other hand, animals reaching very old age had immune parameters 
similar to those of younger adult animals (17, 211). These same standardized set of 
immune responses has been assessed in healthy centenarians, and it was found that in 
those individuals, the immune responses performed much better than in 70-year-old 
human subjects and were comparable to those observed in young adults (30 years old) 
(17, 212, 213). Therefore, all the above animal and human results indicate that the 
immune system is a marker of biological age and a predictor of longevity and health as 
originally postulated already some years ago (15, 16).

The causes of immunosenescence have been investigated as well. Since the oxidative 
theory of aging is the most widely accepted one, several parameters of oxidative stress 
and antioxidant defenses have been studied in animals and humans alike. Indeed, with 
aging, the immune cells revealed an increase in oxidant and inflammatory compounds 
and a decrease in antioxidant defenses, which was more evident in phagocytic cells (20, 
50, 138). The immune cells of prematurely aging mice showed marked oxidative stress, 
whereas leucocytes from very old animals or healthy centenarians showed values of 
both oxidative and antioxidant compounds and defenses similar to those found in the 
cells of younger adult mice or humans (17, 138, 212). This chronic oxidative stress, 
which has among its intracellular mechanisms the activation of NF-kappa B in the leu-
cocytes, affects all cells and especially those of regulatory systems such as the nervous, 
endocrine, and immune systems. Accordingly, the administration of antioxidants such 
as vitamins C, E, zinc, selenium, beta-carotene, polyphenols, and soy isoflavones in 
animals and in humans was found to improve both the nervous and immune functions, 
decreasing their oxidative stress, and consequently leading to a significant increase in 
longevity (20, 50, 138, 214–219).

These observations have led to the formulation of a new theory of aging: the so-
called oxidation-inflammation theory with the immune system as a key player (17, 20). 
The immune system, in the context of neuroimmune communication, is pivotal in the 
preservation of health and longevity. If its regulation is impaired, it contributes to the 
chronic oxidative stress that underlies aging. An adequate regulation of this system by 
administration of the appropriate amounts of antioxidants can, through better neuroim-
munomodulation, improve the redox condition of the cells of the involved systems and 
therefore organism homeostasis. Altogether this can result in a decrease in morbidity 
and mortality. It, therefore, seems that the preservation of a functionally youthful 
immune system throughout the years is the best way to gain longevity accompanied by 
good quality of life.

According to WHO data (110), cardiovascular diseases were the leading cause of 
death in the world, particularly among women, in 2004. Infectious and parasitic  diseases 
were the next leading cause, followed by cancers, respiratory infections, and diseases. 
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Worldwide, the proportion of people aged 60 and over is growing faster than any other 
age group (32). This rise in life expectancy will inevitably be associated with a higher 
number of total deaths due to noncommunicable diseases over the next 25 years (110). 
However, the 2004 WHO data indicate that despite the progress made with vaccination 
campaigns and improved hygienic conditions in many parts of the world, infectious 
diseases continue to represent a major threat to human health. Moreover, the past dec-
ades have seen the emergence of new pathogenic infectious diseases (e.g., HIV, avian 
and swine flu). There are various reasons why infectious diseases should not be under-
estimated also in the developed world, including excessive use of antibiotics and 
hygiene, growing population density, poverty and war, and increased mobility. These 
factors will enable new pathogens to catch hold and reach critical epidemiological mass 
which, combined with the rapid and global exposure of diverse populations, will facili-
tate the establishment of serious epidemics.

A number of genetic and environmental factors as well as socioeconomic status, avail-
ability of adequate health and social services determine wellbeing, overall health and lon-
gevity. Diet and nutrition, including appropriate amounts of essential vitamins and minerals, 
are among the modifiable factors that can help prevent chronic disease and functional 
decline, thus extending longevity and enhancing quality of life. Oxidative stress and exces-
sive inflammation, for instance, have been suggested to be involved in the etiology of a host 
of chronic diseases and both can be ameliorated by dietary interventions. Adequate nutri-
tion is also required to ensure resistance to infections and the deleterious synergistic inter-
relationship between undernutrition and infection has been long recognized. A common 
denominator playing a pivotal role in the prevention of both chronic diseases and infections 
is a healthy and good functioning immune system. It has been demonstrated that the com-
petence of the immune system is an excellent marker of health and several changes in 
immune functions have been related to longevity. In healthy centenarians, for instance, the 
immune responses perform much better than in 70-year-old human subjects and are com-
parable to those observed in young adults. Furthermore, with aging, the immune cells 
revealed an increase in oxidant and inflammatory compounds and a decrease in antioxidant 
defenses, which was more evident in phagocytic cells. Accordingly, the administration of 
antioxidants was found to improve immune functions, decreasing their oxidative stress, and 
consequently leading to a significant increase in longevity.

13.4  CONCLUSIONS AND pERSpECTIvES

It is evident that the immune system needs to be fed properly not only with energy 
sources, but also with essential micronutrients serving as cofactors in the development, 
maintenance, and expression of the immune response. Already mild deficiencies of 
vitamins and minerals suppress immunity by affecting innate, T-cell mediated, and 
antibody responses and can worsen the age-related changes in immune functions. 
Micronutrients that have been demonstrated to be required for the immune system to 
function efficiently include vitamin A, folic acid, vitamin B6, vitamin B12, vitamin C, 
vitamin E, vitamin D, zinc, copper, iron, and selenium (23, 25, 27–29). In conclusion, 
preservation of a functionally youthful immune system throughout the years, including 
ensuring adequate vitamin and mineral status, is the best way to gain longevity accom-
panied by good quality of life.
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14 Trace Elements and Immune 
Function
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Key Points

Trace elements are essential nutrients that are required in minute quantities to support •	
the optimal function of an organism.
This chapter reviews the role of four trace elements, including copper, iron, selenium, •	
and zinc in immune function.
Each of these trace elements has a function in both the innate and acquired immune •	
system.
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14.1  INTRODUCTION

Trace elements are essential nutrients required in minute quantities to support the 
growth, development, and optimal function of an organism (1). Nutritionally essential trace 
elements include copper, iron, selenium, and zinc. Maintaining trace element  balance is 
critical for the prevention of both deficiency and overload disorders. Negative trace element 
balance may result in distinct deficiency disorders, such as the development of anemia in 
iron-deficient individuals or Keshan disease during selenium deficiency. Likewise, genetic 
factors or dietary overconsumption of trace elements may lead to overload disorders, 
including chronic liver disease. Apart from the avoidance of  deficiency or overload 
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 disorders, maintaining trace element balance is essential for the optimal  functioning of a 
series of physiologic systems, including those conferring immune function.

The human immune system is divided into two interactive components: innate (non-
specific) immunity and adaptive (specific or acquired) immunity. Innate immunity 
comprises epithelial barriers, cellular components, including macrophages, natural 
killer, and dendritic cells, and non-cellular components, including acute phase proteins 
(2). Adaptive immunity can be further divided into cell-mediated immunity, associated 
with T lymphocytes, and humoral immunity, associated with B lymphocytes. Cell-
mediated immunity functions through three types of T cells: cytotoxic T cells, which 
act directly to kill invading pathogens; suppressor T cells, which prevent cytotoxic T 
cells from becoming overly reactive; and helper T cells, which support the function of 
cytotoxic and suppressor cells. Humoral immunity functions through the secretion of 
antibodies produced by B cells.

Trace elements confer function in all aspects of the immune system. For example, 
immune cells require trace elements for the structure and function of metalloproteins 
which participate in energy production and protection from oxidant stress (3). Furthermore, 
the production of immune cells by the bone marrow requires trace elements, including 
zinc, for DNA replication and cell division (4). In another example, trace elements are 
required by a series of enzymes that function in the immune system, such as myeloperoxi-
dase, which serves to generate hypochlorous acid, a potent microbiocide (3).

This chapter will focus on the role of selected trace elements with well-described 
functions in immunity, including copper, iron, selenium, and zinc. Specific examples of 
the roles of each of these trace elements in immune function will be cited, including 
recent discoveries, such as the effect of selenium status on viral virulence and the role 
of iron balance in critical interactions between the host and pathogen.

14.2  COPPER

Copper was first identified as an essential trace element in the 1960s through a study 
of Peruvian children who presented with anemia refractory to iron therapy (5). These 
children also presented with neutropenia (a diminished number of neutrophils) and bone 
abnormalities which were responsive to dietary copper. Since the initial discovery of the 
nutritional essentiality of copper, a series of proteins and enzymes that bind copper  
have been identified. These include cytochrome c oxidase, which is required for elec-
tron transport, and superoxide dismutase, an antioxidant enzyme. Studies assessing the 
role of copper in immune function have been limited by the lack of an accurate indicator 
of marginal copper status in blood; however, copper is known to confer function in both 
the innate and adaptive immune systems. Perhaps the most profound effect of copper 
deficiency on the innate immune system is the reduced number of neutrophils observed 
in human and animal populations. In fact, neutropenia has been utilized as a clinical 
indicator of copper deficiency in humans (6). The cause of neutropenia in copper 
 deficiency is not clear; however, it is possible that neutrophil secretion from the bone 
marrow or redistribution of neutrophils into tissues or organs may be responsible (7). 
Furthermore, anti-neutrophil antibodies have been detected in the serum of  copper- 
deficient patients, indicating another possible mechanism underlying  neutropenia (8). 



255Chapter 14 / Trace Elements and Immune Function

Beyond the diminished number of neutrophils observed in copper deficiency, the func-
tion of remaining neutrophils is impaired, as reduced superoxide anion production by 
both neutrophils and macrophages has been observed in animal studies (9, 10). Copper 
may also affect intestinal immune barriers as indicated by the similar effects of copper 
supplementation to sub-therapeutic antibiotic treatment in animals that is known to 
reduce pathogen load in the intestine (11).

Copper deficiency has a pronounced effect on the adaptive immune system. Early 
studies demonstrated anemia and reduced thymus weights in copper-deficient animals 
(12). Furthermore, spleen weights may be affected by copper deficiency, and antibody 
production is reduced (13). Although the definitive cause of diminished antibody pro-
duction has not been elucidated, cytokines, which serve as a vehicle for communication 
within the immune system, appear to be involved. Diminished levels of interleukin-2 
(IL-2), the cytokine responsible for the regulation of the cell cycle in T lymphocytes, 
have been observed in a number of animal and cell studies of copper deficiency (14). In 
fact, adding IL-2 to splenocyte cultures isolated from copper-deficient rats restores the 
ability of those cells to proliferate (12).

Human studies investigating the role of copper in immune function are limited. From 
the few existing studies, it has been determined that copper status may affect phagocy-
tosis in infants (15), and that the ability of peripheral blood mononuclear cells to pro-
liferate is reduced following consumption of a copper-deficient diet (16). Although it is 
clear that copper is essential for immune function, more research is required in human 
populations to elucidate the mechanistic role of this trace element.

14.3  IRON

Iron is an essential component of a number of proteins and enzymes, including 
hemoglobin and myoglobin. These heme-containing proteins function in the transport 
and storage of oxygen. Iron-containing enzymes, including aconitase, function in 
energy metabolism. Because of the role of iron-containing proteins and enzymes in 
oxygen transport and energy metabolism, iron deficiency and iron deficiency anemia 
are known to affect physical performance. Iron deficiency refers to the depletion of iron 
stores; iron deficiency anemia occurs when the depletion of iron affects hemoglobin 
levels. Despite the advanced understanding of iron metabolism, iron deficiency and iron 
deficiency anemia affect billions of people in both the developing and developed world. 
In the developing world, poor iron status typically occurs due to a lack of foods 
 containing bioavailable iron. In the developed world, poor iron status often affects pre-
menopausal women, due to the combination of low dietary iron intake, and the loss of 
iron that occurs through menstruation.

The role of iron in immune function differs based upon the iron status of the 
 individual and the pathogens that the individual may encounter. Iron deficiency and iron 
deficiency anemia are known to impart a series of negative effects on components of 
immune function due to the role of iron in enzymes such as myeloperoxidase, which is 
required for the production of hydroxyl radicals by neutrophils in response to bacteria 
(2). One experiment with iron-deficient and iron-deficient anemic children demon-
strated a reduced ability of isolated neutrophils to kill bacteria (17). Treating the 
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 children with iron restored the bacteria killing activity of the isolated neutrophils. Other 
immune cells, including T cells, are affected by iron deficiency, as iron is required for 
the differentiation and proliferation of these cells (18). Specifically, the ratio of T lym-
phocytes (CD4+ to CD8+ cells) is reduced in iron deficiency, although the total number 
of cells does not change (2). Furthermore, the proliferation of T-cells isolated from 
elderly women with iron deficiency is diminished upon stimulation in the laboratory as 
compared to cells from elderly women with normal iron status (19).

Unlike some of the other trace elements, there appear to be circumstances where 
maintaining a normal or elevated iron status may not be beneficial for certain popula-
tions. Evidence that iron supplementation could have a negative impact on the immune 
response began with studies in malarious regions of the world. One early study demon-
strated an increased rate of clinical malaria and severe lower respiratory infections in 
infants provided with parenteral iron supplementation in Papau New Guinea as com-
pared to infants provided with no supplemental iron (20, 21). In that study, hospital 
admissions for clinical symptoms of malaria, measles, and acute otitis media were all 
greater in infants supplemented with iron. Subsequent studies have demonstrated an 
increased risk of clinical malaria in children (22) and adults (23) provided with iron 
supplements. Since the discovery that iron status may affect susceptibility to malarial 
infection, relationships between positive iron status and poor disease outcomes in both 
human immunodeficiency virus and tuberculosis have been described (24). Although 
the definitive mechanism by which iron supplementation seems to result in increased 
susceptibility to infection remains unknown, a number of hypotheses have been pro-
posed. First, it has been demonstrated that iron treatment impairs the ability of cells to 
synthesize nitric oxide in response to cytokine stimulation (25). Reduced nitric oxide 
synthesis results in a reduced ability to kill parasites, including Plasmodium falciparum, 
which is one agent responsible for malarial infection. A second hypothesis indicates that 
iron status may interact with genetic components in affecting susceptibility to disease 
(24). Other hypotheses indicate that iron supplementation may promote infection due to 
the growth-promoting effects of iron on the pathogen itself (26–28). Accordingly, the 
immune system has adapted to limit iron availability during infection through increased 
production of iron-binding proteins such as lactoferrin and ferritin that reduce the avail-
ability of iron to both the host and invading pathogens. Iron overload in patients at risk 
for infection has been shown to correlate with a greater severity of infection and greater 
risk of systemic bacteremia (29). This iron sequestration is considered to be of particu-
lar importance to intracellular innate defense, as pathogens residing within host cells 
avoid detection and destruction by the cellular and complement protein components of 
the innate immune system (30).

When considering the potentially detrimental effects of positive iron balance in 
infection, it is important to consider the environment; studies in nonmalarious regions 
indicate that oral iron supplementation may provide protection against respiratory and 
diarrheal disease, with little evidence of harm due to iron treatment (26). There has been 
significant controversy within the scientific and medical community regarding iron 
requirements due to the potentially differential effects of iron status on disease inci-
dence based upon geographic location and the type of pathogens the population may 
encounter; for this reason, the role of iron in immune function remains an active area of 
scientific research.
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14.4  SELENIUM

Similar to other trace elements, selenium functions primarily through incorporation 
into proteins and enzymes. More than 25 selenoproteins have been identified, including 
glutathione peroxidase, thioredoxin reductase, and selenoprotein P. Many of the seleno-
proteins function as antioxidant enzymes. For example, cellular glutathione peroxidase, 
or GPX1, functions as an antioxidant by reducing hydrogen peroxide to water using 
glutathione as a reductant (31). Phospholipid hydroperoxide glutathione peroxidase, or 
GPX4, functions as an antioxidant enzyme within the plasma membrane by reducing 
fatty acid hydroperoxides present in phospholipids. It is generally believed that the role 
of selenium in protecting the host against oxidant stress is beneficial for immune func-
tion (32). Furthermore, antioxidant selenoproteins may protect the host from oxidant 
stress generated by macrophages during the immune response (2).

Roles for selenium in both the innate and adaptive immune system have been 
described. For example, lymphocytes harvested from selenium-deficient animals dem-
onstrate diminished proliferation in response to mitogens as compared to lymphocytes 
from selenium-supplemented animals (33). Furthermore, leukotriene B4 (required for 
neutrophil chemotaxis) synthesis is diminished in selenium-deficient lymphocytes. 
Decreased pools of mature T cells and a defect in T cell-dependent antibody responses 
have been observed in mice genetically modified to produce T cells without selenopro-
teins (34). Antibody production is also affected by selenium deficiency; IgM, IgG, and 
IgA titers are reduced in selenium-deficient rats, and IgG and IgM titers are reduced in 
selenium-deficient humans (32).

Recent studies suggest that selenium status modulates viral pathogenicity. Keshan 
disease, a selenium deficiency disorder, is associated with cardiomyopathy in children. 
Early studies demonstrated that selenium supplementation of at-risk populations 
reduced the prevalence of Keshan disease; however, the seasonal incidence of the dis-
ease indicated an infectious cofactor. Subsequently, scientists in China discovered cox-
sackieviruses in the blood of patients with Keshan disease (35), which led to the 
development of an animal model to study the disease. In the ensuing mouse model, 
feeding a selenium-deficient diet followed by infection with a strain of the coxsackievi-
rus that typically produces no cardiac pathology led to the development of severe myo-
carditis. This was this initial discovery that selenium deficiency could affect viral 
virulence (36). In fact, the genome of the coxsackievirus used to inoculate the mice had 
mutated in the selenium-deficient animals to cause the development of myocarditis 
(37), a relationship that has been attributed to the selenium-dependent expression of 
glutathione peroxidase (38). Of added interest, the newly mutated virus then developed 
the ability to cause myocarditis in selenium-adequate hosts. A schematic depicting the 
interaction between selenium status and viral pathogenicity appears in Fig. 14.1.

Since the initial discovery that the selenium status of the host could affect the  virulence 
of a virus, a number of studies have further explored this relationship. In a study of 
acquired immunodeficiency in a coxsackievirus-resistant strain of mice, researchers 
found that coinfection of animals with retrovirus and coxsackievirus resulted in myocar-
ditis (39). Selenium supplementation during retroviral infection significantly improved 
chances of animal survival. Mouse models also indicate that host selenium status can 
affect influenza infection; inoculation of selenium-deficient mice with  influenza results 
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in severe pneumonitis in the selenium-deficient, but not in the selenium-adequate  animals 
(40). Cytokine expression is also affected in selenium-deficient animals.

Human studies in the United Kingdom indicate that adults with low selenium status 
have a decreased immune response to live poliovirus vaccination and have an increased 
shedding of vaccine strain mutations, which can be attenuated with selenium supple-
mentation (41). Other human studies indicate that selenium supplementation may ben-
efit even those with normal selenium status, as supplementation with 200 mg/day of 
selenium, an amount well beyond the current recommended dietary allowance (RDA) 
of 55 mg/day, results in enhanced proliferation and differentiation of cytotoxic effector 
cells and natural killer cell activity (42, 43).

The fascinating role of selenium status in determining viral virulence and patho-
genicity continues to serve as an important research area in the understanding of the role 
of trace elements in host-pathogen relationships. It is likely that this line of research will 
lead to further study of the role of other trace elements in viral virulence, and may affect 
public health recommendations as increased travel and industrialization facilitate viral 
transmission in the continuously expanding human population.

14.5  ZINC

Zinc is incorporated into over 300 proteins and enzymes, including DNA  polymerase, 
thymidine kinase, and DNA-dependent RNA polymerase, which are enzymes required 
for the synthesis of nucleic acids (4). Further, zinc functions through the formation of 
zinc finger proteins, which bind to DNA and act as transcriptional regulators. Zinc has 
a profound role in immune function. In fact, the first human population with known zinc 
deficiency also suffered from immune dysfunctions and often died as a result of 
 infection at an early age (44). Furthermore, patients with acrodermatits  enteropathica, a 

Poor Selenium Status
GPX Activity

Oxidant Stress

Immune Function Viral Mutations

Viral Pathogenicity

Fig. 14.1. The interaction between selenium status and viral pathogenicity. Adapted from Beck (55).
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genetic disorder affecting zinc absorption, suffer from frequent bacterial, fungal, and 
viral infections. These patients have reduced lymphocyte proliferative responses to 
mitogens, a diminished number of T helper cells, and reduced thymic hormone activity 
– all of which can be corrected with zinc supplementation (45).

Zinc functions in both the innate and adaptive immune systems. In the innate immune 
system, human studies have demonstrated that diminished zinc status impairs natural 
killer cell activity and diminishes phagocytosis of macrophages and neutrophils (46, 
47). Furthermore, natural killer cell number and activity are zinc status-dependent (48), 
and zinc status may affect the ability of these cells to recognize pathogenic cells for 
killing (47).

Of the many roles for zinc in the adaptive immune system, its role as an essential 
cofactor for thymulin may be the most profound. Thymulin is a hormone that is pro-
duced by the thymus, which regulates the differentiation of immature T cells in the 
thymus and the function of mature T cells in the periphery. Thymulin also modulates 
cytokine release by peripheral blood mononuclear cells, and affects the proliferation of 
cytotoxic T lymphocytes (47). Studies with zinc-deficient animals indicate that T cell 
proliferation is diminished following mitogen stimulation (49), and that zinc supple-
mentation may reverse the effects of zinc deficiency on the thymus and peripheral cells 
(50). Although B cells are less sensitive to zinc status than T cells, B cells are affected 
by zinc deficiency. The number of B lymphocytes and their precursors is reduced during 
zinc deficiency, although it results in only modest changes in mature B cells (47). Zinc 
deficiency does impart important functional defects in B cells, as B lymphocyte anti-
body production is affected by zinc depletion (51).

Changes in the immune function in response to poor zinc status may affect suscepti-
bility to infection, especially early in life. A number of studies have demonstrated the 
protective effects of zinc supplementation against both diarrhea and pneumonia in chil-
dren (2). In one study, zinc supplementation resulted in a reduced incidence of pneumo-
nia, reduced mortality secondary to pneumonia, and a reduced incidence of diarrhea in 
Bangladeshi children (52). Zinc supplementation may be beneficial for patients with 
sickle cell anemia, as one trial demonstrated reduced incidence of staphylococcus 
aureus pneumonia and urinary tract infections in zinc-supplemented individuals (53). 
Although evidence suggests that zinc supplementation may provide benefits at the cel-
lular level in healthy adults, only a few studies have demonstrated a reduced incidence 
of infection or disease. Several studies have investigated the potential role of zinc in 
protection from rhinoviruses, or the common cold, although meta-analyses indicate that 
data may not consistently support this role for zinc in immune function (54). Carefully 
designed clinical trials will be required to determine the efficacy of zinc supplementa-
tion against rhinovirus infection.

14.6  CONCLUSIONS aND PERSPECTIvES

Trace elements are essential nutrients required for life. Trace elements have many 
functions in the body, including a role in the immune system. Many of the trace ele-
ments, including copper, iron, selenium, and zinc function in both the innate and adap-
tive immune systems. Recent studies have demonstrated interesting roles for iron in the 
maintenance of the relationship between the host and pathogens and for selenium status 
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in the virulence of viral infection. The role of trace elements in immune function 
remains an important area of scientific research that will undoubtedly continue to high-
light the importance of nutrition for human health.
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15 Vitamin Supplements and Disease 
Resistance in HIV-Infected Women 
and Children

Joanne E. Arsenault and Eduardo Villamor

Key Points

Multivitamin supplements (including vitamins B, C, and E) can improve immune •	
parameters, pregnancy outcomes, and child growth and health among HIV-infected 
women and children.
Vitamin A supplementation is beneficial against morbidity and mortality when given •	
to children, but increases the risk of mother-to-child HIV transmission when given 
to pregnant, HIV-infected women.
The majority of research pertaining to vitamins and HIV disease progression has •	
been conducted in patients not receiving antiretrovial therapy, and so further research 
is urgently needed to examine the efficacy of nutritional interventions as coadjuvants 
of antiretrovial therapy.

Key Words: Vitammins, HIV, women, children.

15.1  INTRODUCTION

High rates of HIV infection and malnutrition coexist in the same geographic regions 
of the world, particularly in Sub-Saharan Africa and Southeast Asia. Approximately 2/3 
of those afflicted with HIV live in Sub-Saharan Africa, and 59% of affected persons are 
women. In the absence of interventions, mother-to-child transmission of HIV occurs in 
30–45% of cases. Young children residing in these regions suffer the highest rates of 
stunted growth (1) and micronutrient deficiencies (2).

The relation between nutritional status and HIV infection is bidirectional. HIV infec-
tion can lead to undernutrition through decreased food intake, malabsorption, and 
increased utilization and excretion of nutrients (3). Poor nutritional status affects HIV 
transmission and disease progression. This chapter will review the literature on vitamin 
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supplementation studies and immunologic and clinical outcomes among HIV-infected 
women and children.

15.2  VITAMINS AND DISEASE PROGRESSION  
IN HIV-INFECTED WOMEN

15.2.1  Observational Studies
Observational studies have examined relations between HIV disease and vitamins 

with the use of nutrient biomarkers (e.g., serum concentrations) or dietary intake assess-
ment. Lower plasma levels of vitamin A were associated with increased mortality in 
HIV-infected drug users (4). Also, reduced serum levels of vitamins E (5) and B-12 (6) 
were associated with faster HIV disease progression. Lower serum vitamin D concentra-
tions were reported in HIV-infected patients compared to uninfected controls (7–9). In a 
small study of HIV-infected patients, reduced vitamin D concentrations at baseline 
appeared to be related to a greater risk of mortality (9). Serum concentrations of vitamins 
may not represent true micronutrient status in HIV-infected patients. The acute phase 
response to infection reduces serum vitamin A concentrations (10); thus, decreased 
serum retinol may be a marker of advanced HIV disease stage rather than a reflection of 
limited stores of the vitamin. The associations between low serum concentrations of 
nutrients and HIV disease may also be due to reverse causality, since advanced HIV 
infection could decrease absorption and augment the utilization of nutrients.

The higher intake of some nutrients has been associated with slower disease  progression. 
Daily multivitamin use was related to higher CD4+ counts and to a significant reduction 
in risk of progression to AIDS diagnosis in a longitudinal study (11). In another study, 
vitamin A intakes between 9,000 and 20,000 IU, about three to nine times the recom-
mended daily allowance (RDA) (12), were associated with slower disease progression to 
AIDS (13). The daily intake of B-complex supplements in South African HIV-infected 
patients was associated with lower risk of disease progression (14). Higher intakes of 
vitamins B1, B2, B6, and niacin were associated with 40–60% reductions in risk of death 
during 8 years of follow-up (15). The risk reductions were only seen at levels of intake 
that were several times higher than the RDA. This suggested that large supplemental doses 
may be needed to correct profound nutrient deficiencies in HIV-infected patients.

15.2.2  Intervention Studies
A number of intervention studies have examined the effect of vitamin supplements on 

HIV disease progression (Table 15.1). High doses of b-carotene (180 mg/day) for 4 weeks 
in HIV-infected adults resulted in higher CD4+ cell counts (16), but had no effect on 
CD4+ or viral load in another study with the same dosage and duration (17). In a longer 
trial, no differences in immune cell counts were found between HIV-patients receiving 
b-carotene plus multivitamins for 3 months, compared to those receiving multivitamins 
alone (18). Two weeks of daily multimicronutrient supplementation in HIV-infected 
Zambian adults with persistent diarrhea had no effect on CD4+ cell counts or clinical 
markers of disease severity (19). In a large community-based trial in Zambia including 
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HIV-positive and HIV-negative individuals, multimicronutrient supplements reduced 
 mortality among HIV-positive participants but had no effect on CD4+ cell counts (20). 
Inconsistencies in the results of these studies could be due to their short duration, the 
heterogeneity of study designs, including differences in the nutrient composition of sup-
plements, and varying patterns of underlying nutrient deficiencies across populations.

The efficacy of daily multivitamin supplementation of HIV-infected individuals on 
clinical outcomes was examined in two randomized, double-blind, placebo-controlled tri-
als from Thailand and Tanzania. In Thailand, supplements including 21 vitamins and 
minerals were associated with a nonstatistically significant reduction in overall mortality 
among HIV-infected men and women, and with a significant reduction among individuals 
who had low baseline CD4+ counts (21). There were no effects on CD4+ cell counts or 
viral load. Although these results suggested a beneficial effect of micronutrient supple-
ments on disease progression, the study had limited statistical power due to a relatively 
small sample size (n  =  481), and few reported deaths during the 48-week follow-up.

Further evidence in support of the benefits of vitamin supplementation in HIV-
infected individuals emerged from a large, double-blind, placebo-controlled trial in 
Tanzania among 1,078 HIV-infected pregnant women. The women were randomized to 
receive daily multivitamins (vitamins B-complex, C, and E) at 2–20 times the RDA (22, 
23) and/or vitamin A (preformed vitamin A and ß-carotene) at ~5 times the RDA, or 
placebo, using a two-by-two factorial design. The median follow-up time for morbidity 
outcomes was 71 months. Multivitamin supplementation resulted in a 29% reduced risk 
of progression to stage 4 HIV disease or AIDS-associated death, higher CD4+ and 
CD8+ cell counts and lower viral load, and lower rates of clinical symptoms such as 
oral ulcers, thrush, difficulty swallowing, fatigue, rash, and acute upper respiratory tract 
infections (24). Vitamins B, C, and E reduced the incidence of wasting (25) and 
improved hemoglobin concentrations (26). Vitamin A had no beneficial effects on these 
outcomes. In a smaller trial among nonpregnant, HIV-infected women in Kenya, daily 
supplementation with the same nutrients plus selenium significantly increased CD4+ 
cell counts (27). Therefore, the results in the Tanzania trial may be generalizable to 
nonpregnant HIV-infected women in developing countries.

15.2.3  Potential Mechanisms for Benefits of Vitamin  
Supplementation on Disease Progression

Improved immune function associated with vitamin supplementation could lead to 
improved health and reduced mortality in HIV-positive individuals. The positive effect 
of vitamin supplementation on CD4+ cell counts is consistent with results from in vitro 
and in vivo studies of vitamins and immune function. Vitamin B-6 deficiency affects cel-
lular immunity. Depletion of vitamin B-6 in elderly subjects reduced total lymphocyte 
counts, lymphocyte proliferation, and IL-2 production in response to T-cell mitogens; 
these alterations were corrected with supplementation (28). Vitamin B-2 deficiency 
impairs the ability to generate humoral antibodies in response to test antigens whereas 
vitamin B-12 supplements are associated with enhanced antibody function and mitogenic 
responses (29). Vitamin C deficiency is associated with depressed cell-mediated immune 
response, and T- and B-lymphoctye proliferative responses increase after vitamin C sup-
plementation in humans (30). Enhanced vitamin C status was  associated with a lower 
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rate of respiratory infections (31). Vitamins C and E could affect viral load via their 
antioxidant properties. HIV replication in vitro is increased by oxidative stress (32). In a 
small randomized, placebo-controlled study of HIV-positive patients, those who received 
daily vitamin E (800 IU) and C (1,000 mg) for 3 month experienced a decrease in lipid 
peroxidation and a trend toward reduced viral load (33).

15.3  VITAMIN SUPPLEMENTATION AND CHILD HEALTH

Intervention studies have examined the effects of vitamin supplements on pregnancy 
outcomes, mother-to-child transmission of HIV, and child health (Table 15.2).

15.3.1  Maternal Supplementation and Pregnancy Outcomes
Vitamin supplementation of HIV-infected women during pregnancy has resulted in 

reduced incidence of preterm delivery and low birth weight. In South Africa, 728 HIV-
infected women were randomized to receive either vitamin A (5,000 IU retinyl palmi-
tate and 30 mg b-carotene) or placebo daily during the third trimester (34). Women 
receiving vitamin A were less likely to have a preterm delivery (11.4% in the vitamin 
A and 17.4% in the placebo group; p  =  0.03), but vitamin A supplementation had no 
effect on birth weight. In Malawi, 697 HIV-infected women received daily iron and 
folate either alone or in combination with vitamin A (3 mg retinol equivalent or 10,000 
IU) from 18 to 28 weeks gestation to delivery (35). Infants born to mothers who 
received vitamin A had greater birth weight (p  =  0.05) and body weight at 6 weeks 
(p  =  0.03) than those born to mothers who did not receive vitamin A. In the same study, 
prenatal vitamin A supplementation was also associated with significantly higher hemo-
globin concentrations and lower rates of anemia in infants at 6 weeks of age. Pregnant 
women in Tanzania were randomized to daily high dose vitamin A (preformed vitamin 
A and ß-carotene) and/or multivitamins (vitamins B-complex, C and E) using a two-by-
two factorial design. Multivitamin supplements, but not vitamin A/ß-carotene alone, 
resulted in approximately 40% reductions in the risks of fetal loss, low birth weight, and 
severe prematurity (36). Women on multivitamins had heavier placentas, larger increases 
in hemoglobin at 6 weeks postpartum (36), and greater weight gain during pregnancy 
(37). These findings could explain the improvements in pregnancy outcomes.

15.3.2  Maternal Supplementation and HIV Transmission to Children
Observational studies suggested that low serum vitamin A concentrations among 

HIV-infected women were associated with vertical transmission of HIV to their infants 
(38). Subsequent randomized trials have not found that vitamin A supplementation 
reduces risk of transmission (34, 35, 39). Studies in South Africa and Malawi found no 
overall effect of vitamin A supplementation during pregnancy on mother-to-child HIV 
transmission from 3 to 24 months of age (34, 35). By contrast, in the Tanzania trial 
vitamin A/ß-carotene supplementation resulted in a statistically significant increase of 
38% in the risk of vertical transmission of the virus throughout the lactation period (39). 
Vitamin A/ß-carotene supplementation also resulted in a significant increase in lower 
genital viral shedding (40). A trial testing the efficacy of a single large dose of vitamin 
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A given to women during the early postpartum period (200,000 IU) and/or to neonates 
(50,000 IU) in Zimbabwe found an increased risk of infant HIV-infection or death when 
vitamin A was provided to either, but not both, the mother or infant, compared to 
 placebo (41).

The mechanisms by which vitamin A/ß-carotene could increase HIV shedding and 
transmission of HIV are not clear. It has been hypothesized that by increasing the 
 multiplication and differentiation of lymphoid and myeloid cells, preformed vitamin A 
leads to increased density of CCR5 receptors that are expressed on these cells and which 
are necessary for attachment and subsequent replication of the virus (42). It is also pos-
sible that the adverse effect noted in the Tanzania study is due to the ß-carotene compo-
nent of the vitamin A intervention. Although high doses of ß-carotene provided for 
short periods to HIV-infected individuals were apparently safe (16, 17), studies of the 
safety of prolonged supplementation are lacking.

In the Tanzania trial, multivitamins (B, C, and E) had no effect on the risk of vertical 
transmission overall; however, children born to women who were in relatively poor 
nutritional or immunological conditions at baseline experienced reduced risk of HIV 
transmission through breastfeeding in relation to multivitamin supplementation (39). 
Multivitamins could affect vertical transmission of HIV by enhancing the mother’s 
immune function, or reducing clinical or virological progression (43). Micronutrients 
may also affect transmission through breastmilk by reducing the risk of mastitis, an 
inflammation of breast tissue that is associated with higher viral load and increased risk 
of transmission (44) or by improving the micronutrient status of the infants (45) through 
improved milk concentrations of nutrients (46) which may enhance integrity of the 
infant’s intestinal mucosa.

15.3.3  Maternal Supplementation and Child Health
Vitamin supplementation of HIV-infected women during pregnancy and lactation can 

also have beneficial effects on child health outcomes. In Tanzania, children of women 
receiving multivitamin supplements (vitamins B, C, and E) had a 17% significantly 
lower risk of diarrhea during the first 2 years of life than those whose mothers did not 
receive multivitamins (p  =  0.03) (47). Children whose mothers were in the multivita-
min arm also had significantly higher CD4+ cell counts than those whose mothers did 
not receive multivitamins, irrespective of their own HIV status. Children whose mothers 
received vitamin A/b-carotene alone had a statistically significant reduction in the risk 
of cough with rapid respiratory rate. Multivitamin supplementation during pregnancy 
and lactation also resulted in greater weight gain in the children up to 24 months of age 
(48). Vitamins could affect child growth by increasing intrauterine growth through pla-
cental transfer of nutrients, and/or extrauterine growth through increased concentrations 
of nutrients in breastmilk (46). The effect of vitamins on child growth could be medi-
ated by improvements in the immune system of the child. Maternal vitamin A supple-
mentation improved intestinal impermeability of HIV-infected infants, which may 
decrease gastrointestinal morbidity (49). The effects of multivitamins on child health 
could also be mediated through their benefits on the mothers’ health, which would 
enable them to take better care of their children.
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15.3.4  Supplementation of Children and Health Outcomes
Evidence of the efficacy of vitamin supplementation to HIV-infected children from 

randomized trials is limited primarily to vitamin A, and one recent trial with vitamin D 
(Table 15.3). In a US trial among HIV-infected children aged 2–17 years, vitamin A 
administered before influenza vaccination was associated with a dampening in HIV 
viral load postimmunization (50). In South Africa, vitamin A supplementation of young 
HIV-infected children decreased diarrhea episodes by 49%, but had no effect in unin-
fected children who were born to HIV-infected mothers (51). In Uganda, vitamin A 
supplementation of HIV-infected children reduced mortality by 46% and decreased the 
prevalence of persistent cough and chronic diarrhea (52). A single dose of vitamin A 
given to HIV-negative neonates born to HIV-positive women reduced mortality by 28% 
in those infants who became infected by 6 weeks of age (41). In a trial in Tanzania, 
children hospitalized for pneumonia were randomized to receive large doses of vitamin 
A during hospitalization and 4 and 8 months after discharge; vitamin A resulted in a 
49% reduction in mortality overall, with greater effects among HIV-infected children 
than among those who were uninfected (53). Vitamin A also resulted in greater increases 
in linear growth (54) only among the HIV-infected children. Vitamin A could affect 
child growth through improvements in humoral (55) and cellular (56) immunity and 
through protecting the integrity of the gastrointestinal epithelium (49, 57, 58), which 
may in turn decrease diarrheal infections.

In a recent small trial in the US, HIV-infected children aged 6–16 years were 
 randomly assigned to receive vitamin D (100,000 IU) bimonthly with calcium daily or 
placebo for 1 year (59). No significant treatment effects were found on viral load or 
CD4+ counts. Vitamin D is an immune system regulator and the investigation of vita-
min D and HIV is a promising area of research (60, 61). Randomized trials examining 
the effect of multivitamin supplements administered to children born to HIV-infected 
women are currently ongoing.

15.4  VITAMIN SUPPLEMENTATION IN HIV-INFECTED PATIENTS 
RECEIVING ANTIRETROVIRAL TREATMENT

Since the introduction of highly active antiretroviral therapy (HAART) as a standard 
for HIV treatment, a few observational and intervention trials have been conducted 
among patients receiving HAART. In a small study, patients receiving HAART had 
lower vitamin A concentrations than those not taking HAART (62). Other observational 
studies have found higher concentrations of a-carotene, b-carotene, and a-tocopherol 
(63); and folate and vitamin B-12 (64), among patients receiving HAART compared to 
those not receiving HAART. In a small randomized trial of Brazilian patients receiving 
HAART, vitamin E supplementation for 6 months had no effect on CD4+, CD8+, or 
viral load compared to placebo (65). In a small trial from Poland, vitamins A, C, and E 
for 6 months had no effect on CD4+ counts compared to placebo (66). In a trial from 
the US, patients receiving multiple micronutrient supplements for 12 weeks had 
increased CD4+ cell counts whereas those receiving placebo did not experience a 
change (p  =  0.01), but supplementation had no effect on viral load (67). All these stud-
ies had relatively small sample sizes and a short duration of follow-up. Large, long-term 
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studies are needed to determine if vitamin supplementation is beneficial in HIV-infected 
individuals receiving HAART.

15.5  CONCLUSIONS AND PERSPECTIVES

Supplementation with vitamins B-complex, C, and E has been shown to reduce 
 disease progression and mortality of HIV-infected women and children who were not 
receiving antiretrovial treatment. Additional beneficial effects of these vitamins on 
birthweight, prematurity, and fetal deaths have been demonstrated. Effects of maternal 
vitamin A supplementation on these pregnancy outcomes have been conflicting, and 
adverse effects regarding increased HIV transmission to children have been reported. 
Maternal supplementation with vitamins B, C, and E reduced child morbidity and 
improved growth, but had no significant effects on child mortality by 2 years. Vitamin 
A supplementation of children who were born to HIV-infected women or who were 
already HIV-infected reduced morbidity and mortality, and improved growth. In conclu-
sion, while multivitamin supplementation appeared to be an effective intervention to 
improve the health and nutritional status of women and children infected with HIV in 
the pre-HAART era, the impact of this intervention among patients receiving highly 
active antiretrovial therapy is still uncertain. Given that life-saving antiretroviral therapy 
is becoming more widely available in the regions of the world most hardly hit by the 
HIV epidemic, the efficacy and safety of nutritional interventions as coadjuvants of 
HAART need to be urgently examined in large-scale, longitudinal studies. Prenatal 
vitamin A supplementation of HIV-infected women is not recommended based on 
 evidence of increased transmission to children; however, vitamin A supplementation of 
HIV-infected children appears to be beneficial.

REFERENCES

 1. de Onis M, Blossner M, Borghi E, Morris R, Frongillo E (2004) Methodology for estimating regional 
and global trends of child malnutrition. Int J Epid 33:1260–1270

 2. Micronutrient Initiative, UNICEF (2004) Vitamin and mineral deficiency: a global damage assessment 
report. Micronutrient Initiative, Ottawa, Canada

 3. Keusch G, Farthing M (1990) Nutritional aspects of AIDS. Annu Rev Nutr 10:475–501
 4. Semba R, Caiaffa W, Graham N, Cohn S, Vlahov D (1995) Vitamin A deficiency and wasting as predic-

tors of mortality in human immunodeficiency virus-infected injection drug users. J Infect Dis 
171:1196–1202

 5. Tang A, Graham N, Semba R, Saah A (1997) Association between serum vitamin A and E levels and 
HIV-1 disease progression. AIDS 11:613–620

 6. Tang A, Graham N, Chandra R, Saah A (1997) Low serum vitamin B-12 concentrations are associated 
with faster human immunodeficiency virus type 1 (HIV-1) disease progression. J Nutr 127:345–351

 7. Teichmann J, Stephan E, Discher T, Lange U, Federlin K, Stracke H, Friese G, Lohmeyer J, Bretzel R 
(2000) Changes in calciotropic hormones and biochemical markers of bone metabolism in patients with 
human immunodeficiency virus infection. Metabolism 49:1134–1139

 8. Teichmann J, Stephan E, Lange U, Discher T, Friese G, Lohmeyer J, Stracke H, Bretzel R (2003) 
Osteopenia in HIV-infected women prior to highly active antiretroviral therapy. J Infect 46:221–227

 9. Haug C, Muller F, Aukrust P, Froland S (1994) Subnormal serum concentration of 1, 25-vitamin D in 
human immunodeficiency virus infection: correlation with degree of immune deficiency and survival. 
J Infect Dis 169:889–893



277Chapter 15 / Vitamin Supplements and Disease Resistance

 10. Stephensen C, Gildengorin G (2000) Serum retinol, the acute phase response, and the apparent misclas-
sification of vitamin A status in the third National Health and Nutrition Examination Survey. Am J Clin 
Nutr 72:1170–1178

 11. Abrams B, Duncan D, Hertz-Picciotto I (1993) A prospective study of dietary intake and acquired immune 
deficiency syndrome in HIV-seropositive homosexual men. J Acquir Immune Defic Syndr 6:949–958

 12. Food and Nutrition Board, and Institute of Medicine. (2001) Dietary reference intakes for vitamin A, 
vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon, 
vanadium, and zinc. National Academy Press, Washington, DC

 13. Tang A, Graham N, Kirby A, McCall A, Willett W, Saah A (1993) Dietary micronutrient intake and 
risk progression to acquired immunodeficiency syndrome (AIDS) in human immunodeficiency virus 
type 1 (HIV-1)-infected homosexual men. Am J Epidemiol 138:1–15

 14. Kanter A, Spencer D, Steinberg M, Soltysik R, Yarnold P, Graham N (1999) Supplemental vitamin B 
and progression to AIDS and death in black South African patients infected with HIV. J Acquir Immune 
Defic Syndr 21:252–253

 15. Tang A, Graham N, Saah A (1996) Effects of micronutrient intake on survival in human immunodefi-
ciency virus type 1 infection. Am J Epidemiol 143:1244–1256

 16. Coodley G, Nelson H, Loveless M, Folk C (1993) Beta-carotene in HIV infection. J Acquir Immune 
Defic Syndr 6:272–276

 17. Nimmagadda A, Burri B, Neidlinger T, O’Brien W, Goetz M (1998) Effect of oral beta-carotene sup-
plementation on plasma human immunodeficiency virus (HIV) RNA levels and CD4+ cell counts in 
HIV-infected patients. Clin Infect Dis 27:1311–1313

 18. Coodley G, Coodley M, Lusk R, Green T, Bakke A, Wilson D, Wachenheim D, Sexton G, Salveson C 
(1996) Beta-carotene in HIV infection: an extended evaluation. AIDS 10:967–973

 19. Kelly P, Musonda R, Kafwembe E, Kaetano L, Keane E, Farthing M (1999) Micronutrient supplemen-
tation in the AIDS diarrhoea-wasting syndrome in Zambia: a randomized controlled trial. AIDS 
13:495–500

 20. Kelly P, Katubulushi M, Todd J, Banda R, Yambayamba V, Fwoloshi M, Zulu I, Kafwebe E, Yavwa F, 
Sanderson I, Tomkins A (2008) Micronutrient supplementation has limited effects on intestinal infec-
tious disease and mortality in a Zambian population of mixed HIV status: a cluster randomized trial. 
Am J Clin Nutr 88:1010–1017

 21. Jiamton S, Pepin J, Suttent R, Filteau S, Mahakkanukrauh B, Hanshaoworakul W, Chaisilwattana P, 
Suthipinittharm P, Shetty P, Jaffar S (2003) A randomized trial of the impact of multiple micronutrient 
supplementation on mortality among HIV-infected individuals living in Bangkok. AIDS 
17:2461–2469

 22. Food and Nutrition Board, and Institute of Medicine. (1998) Dietary reference intakes for thiamin, 
riboflavin, niacin, vitamin B6, folate, vitamin B12, pantothenic acid, biotin, and choline. National 
Academy Press, Washington, DC

 23. Food and Nutrition Board, and Institute of Medicine. (2000) Dietary reference intakes for vitamin C, 
vitamin E, selenium, and carotenoids. National Academy Press, Washington, DC

 24. Fawzi W, Msamanga G, Spiegelman D, Wei R, Kapiga S, Villamor E, Mwakagile D, Mugusi F, 
Hertzmark E, Essex M, Hunter D (2004) A randomized trial of multivitamin supplements and HIV 
disease progression and mortality. N Engl J Med 351:23–32

 25. Villamor E, Saathoff E, Manji K, Msamanga G, Hunter D, Fawzi W (2005) Vitamin supplements, 
socioeconomic status, and morbidity events as predictors of wasting in HIV-infected women from 
Tanzania. Am J Clin Nutr 82:857–865

 26. Fawzi W, Msamang G, Kupka R, Spiegelman D, Villamor E, Mugusi F, Wei R, Hunter D (2007) 
Multivitamin supplementation improves hematologic status in HIV-infected women and their children 
in Tanzania. Am J Clin Nutr 85:1335–1343

 27. McClelland R, Baeten J, Overbaugh J, Richardson B, Mandaliya K, Emery S, Lavreys L, Ndinya-Achola 
J, Bankson D, Bwayo J, Kreiss J (2004) Micronutrient supplementation increases genital tract shedding 
of HIV-1 in women: results of a randomized trial. J Acquir Immune Defic Syndr 37:1657–1663

 28. Meydani S, Ribaya-Mercado J, Russell R, Sahyoun N, Morrow F, Gershoff S (1991) Vitamin B-6 defi-
ciency impairs interleukin 2 production and lymphocyte proliferation in elderly adults. Am J Clin Nutr 
53:1275–1280



278 Arsenault and Villamor

 29. Bendich A, Cohen M (1988) B vitamins: effects on specific and nonspecific immune responses. In: 
Chandra RK (ed) Nutrition and immunology. Alan R. Liss, New York, pp 101–123

 30. Bendich A, Cohen M (1988) Antioxidant vitamins and immune responses. In: Chandra RK (ed) 
Nutrition and immunology. Alan R. Liss, New York, pp 125–147

 31. Hemila H (1997) Vitamin C and infectious diseases. In: Packer L, Fuchs J (eds) Vitamin C in health 
and disease. Marcel Dekker, Inc, New York

 32. Schreck R, Rieber P, Baeuerle P (1991) Reactive oxygen intermediates as apparently widely used mes-
sengers in the activation of the NF-kB transcription factor and HIV-1. EMBO J 10:2247–2258

 33. Allard J, Aghdassi E, Chau J, Tam C, Kovacs C, Salit I, Walmsley S (1998) Effects of vitamin E and C 
supplementation on oxidative stress and viral load in HIV-infected subjects. AIDS 12:1653–1659

 34. Coutsoudis A, Pillay K, Spooner E, Kuhn L, Coovadia H (1999) Randomized trial testing the effect of 
vitamin A supplementation on pregnancy outcomes and early mother-to-child HIV-1 transmission in 
Durban. South Africa. South African Vitamin A Study Group. AIDS 13:1517–1524

 35. Kumwenda N, Miotti P, Taha T, Broadhead R, Biggar R, Jackson J, Melikian G, Semba R (2002) 
Antenatal vitamin A supplementation increases birth weight and decreases anemia among infants born 
to human immunodeficiency virus-infected women in Malawi. Clin Infect Dis 35:618–624

 36. Fawzi W, Msamanga G, Spiegelman D, Urassa E, McGrath N, Mwakagile D, Antelman G, Mbise R, 
Herrera G, Kapiga S, Willett W, Hunter D (1998) Randomised trial of effects of vitamin supplements 
on pregnancy outcomes and T cell counts in HIV-1-infected women in Tanzania. Lancet 
351:1477–1482

 37. Villamor E, Msamanga G, Spiegelman D, Antelman G, Peterson K, Hunter D, Fawzi W (2002) Effect 
of multivitamin and vitamin A supplements on weight gain during pregnancy among HIV-1-infected 
women. Am J Clin Nutr 76:1082–1090

 38. Semba R, Miotti P, Chiphangwi J, Saah A, Canner J, Dallabetta G, Hoover D (1994) Maternal vitamin 
A deficiency and mother-to-child transmission of HIV-1. Lancet 343:1593–1597

 39. Fawzi W, Msamanga G, Hunter D, Renjifo B, Antelman G, Bang H, Manji K, Kapiga S, Mwakagile D, 
Essex M, Spiegelman D (2002) Randomized trial of vitamin supplements in relation to transmission of 
HIV-1 through breastfeeding and early child mortality. AIDS 16:1935–1944

 40. Fawzi W, Msamanga G, Antelman G, Xu C, Hertzmark E, Spiegelman D, Hunter D, Anderson D 
(2004) Effect of prenatal vitamin supplementation on lower-genital levels of HIV type 1 and interleukin 
type 1 beta at 36 weeks of gestation. Clin Infect Dis 38:716–722

 41. Humphrey J, Iliff P, Marinda E, Mutasa K, Moulton L, Chidawanyika H, Ward B, Nathoo K, Malaba 
L, Zijenah L, Zvandasara P, Ntozini R, Mzengeza F, Mahomva A, Ruff A, Mbizvo M, Zunguza C 
(2006) Effects of a single large dose of vitamin A, given during the postpartum period to HIV-positive 
women and their infants, on child HIV infection, HIV-free survival, and mortality. J Infect Dis 
193:860–871

 42. MacDonald K, Malonza I, Chen D, Nagelkerke N, Nasio J, Ndinya-Achola J, Bwayo J, Sitar D, Aoki 
F, Plummer F (2001) Vitamin A and risk of HIV-1 seroconversion among Kenyan men with genital 
ulcers. AIDS 15:635–639

 43. Fawzi W, Hunter D (1998) Vitamins in HIV disease progression and vertical transmission. Epidemiology 
9:457–466

 44. Kantarci S, Koulinska I, Aboud S, Fawzi W, Villamor E (2007) Subclinical mastitis, cell-associated 
HIV-1 shedding in breast milk, and breast-feeding transmission of HIV-1. J Acquir Immune Defic 
Syndr 46:651–654

 45. Baylin A, Villamor E, Rifai N, Msamanga G, Fawzi W (2005) Effect of vitamin supplementation to 
HIV-infected pregnant women on the micronutrient status of their infants. Eur J Clin Nutr 
59:960–968

 46. Webb A, Aboud S, Furtado J, Murrin C, Campos H, Fawzi W, Villamor E (2009) Effect of vitamin 
supplementation on breast milk concentrations of retinol, carotenoids and tocopherols in HIV-infected 
Tanzanian women. Eur J Clin Nutr 63:332–339

 47. Fawzi W, Msamanga G, Wei R, Spiegelman D, Antelman G, Villamor E, Manji K, Hunter D (2003) 
Effect of providing vitamin supplements to human immunodeficiency virus-infected, lactating mothers 
on the child’s morbidity and CD4+ cell counts. Clin Infect Dis 36:1053–1062



279Chapter 15 / Vitamin Supplements and Disease Resistance

 48. Villamor E, Saathoff E, Bosch R, Hertzmark E, Baylin A, Manji K, Msamanga G, Hunter D, Fawzi W 
(2005) Vitamin supplementation of HIV-infected women improves postnatal child growth. Am J Clin 
Nutr 81:880–888

 49. Filteau S, Rollins N, Coutsoudis A, Sullivan K, Willumsen J, Tomkins A (2001) The effect of antenatal 
vitamin A and beta-carotene supplementation on gut integrity of infants of HIV-infected South African 
women. J Pediat Gastroenterol Nutr 32:464–470

 50. Hanekom W, Yogev R, Heald L, Edwards K, Hussey G, Chadwick E (2000) Effect of vitamin A therapy 
on serologic responses and viral load changes after influenza vaccination in children infected with the 
human immunodeficiency virus. J Pediatr 136:550–552

 51. Coutsoudis A, Bobat R, Coovadia H, Kuhn L, Tsai W, Stein Z (1995) The effects of vitamin A sup-
plementation on the morbidity of children born to HIV-infected women. Am J Public Health 
85:1076–1081

 52. Semba R, Ndugwa C, Perry R, Clark T, Jackson J, Melikian G, Tielsch J, Mmiro F (2005) Effect of 
periodic vitamin A supplementation on mortality and morbidity of human immunodeficiency virus-
infected children in Uganda: a controlled clinical trial. Nutrition 21:25–31

 53. Fawzi W, Mbise R, Hertzmark E, Fataki M, Herrera M, Ndossi G, Spiegelman D (1999) A randomized 
trial of vitamin A supplements in relation to mortality among human immunodeficiency virus-infected 
and uninfected children in Tanzania. Pediatr Infect Dis J 18:127–133

 54. Villamor E, Mbise R, Spiegelman D, Hertzmark E, Fataki M, Peterson K, Ndossi G, Fawzi W (2002) 
Vitamin A supplements ameliorate the adverse effect of HIV-1, malaria, and diarrheal infections on 
child growth. Pediatrics 109:E6

 55. Semba R, Muhilal SA, Natadisastra G, Wirasasmita S, Mele L, Ridwan E, West K, Sommer A (1992) 
Depressed immune response to tetanus in children with vitamin A deficiency. J Nutr 122:101–107

 56. Coutsoudis A, Kiefpiela P, Coovadia H, Broughton M (1992) Vitamin A supplementation enhances 
specific IgG antibody levels and total lymphocyte numbers while improving morbidity in measles. 
Pediatr Infect Dis J 11:203–209

 57. Chandra RK, Wadhwa M (1989) Nutritional modulation of intestinal mucosal immunity. Immunol 
Invest 18:119–126

 58. Thurnham D, Northrop-Clewes C, McCullough F, Das B, Lunn P (2000) Innate immunity, gut integrity, 
and vitamin A in Gambian and Indian infants. J Infect Dis 182(Suppl 1):S23–S28

 59. Arpadi S, McMahon D, Abrams E, Bamji M, Purswani M, Engelson E, Morlick M, Shane E (2009) 
Effect of bimonthly supplementation with oral cholecalciferol on serum 25-hydroxyvitamin D concen-
trations in HIV-infected children and adolescents. Pediatrics 123:e121–e126

 60. Cantorna M, Zhu Y, Froicu M, Wittke A (2004) Vitamin D status, 1, 25-dihydroxyvitamin D3, and the 
immune system. Am J Clin Nutr 80(6 suppl):1717S–1720S

 61. Villamor E (2006) A potential role for vitamin D on HIV infection? Nutr Rev 64:226–233
 62. Toma E, Devost D, Chow LN, Bhat P (2001) HIV-protease inhibitors alter retinoic acid synthesis. AIDS 

15:1979–1984
 63. Tang A, Smit E, Semba R, Shah N, Lyles C, Li D, Vlahov D (2000) Improved antioxidant status among 

HIV-infected injecting drug users on potent antiretroviral therapy. J Acquir Immune Defic Syndr 
23:321–326

 64. Remacha A, Cadafalch J, Sarda P, Barcelo M, Fuster M (2003) Vitamin B-12 metabolism in HIV-
infected patients in the age of highly active antiretroviral therapy: role of homocysteine in assessing 
vitamin B-12 status. Am J Clin Nutr 77:420–424

 65. de Souza Júnior O, Treitinger A, Baggio GL, Michelon C, Verdi JC, Cunha J, Ferreira SI, Spada C 
(2005) Alpha-tocopherol as an antiretroviral therapy supplement for HIV-1-infected patients for 
increased lymphocyte viability. Clin Chem Lab Med 43:376–382

 66. Jaruga P, Jaruga B, Gackowski D, Olczak A, Halota W, Pawlowka M, Olinski R (2002) Supplementation 
with antioxidant vitamins prevents oxidative modification of DNA in lymphocytes of HIV-infected 
patients. Free Radic Biol Med 32:414–420

 67. Kaiser J, Campa A, Ondercin J, Leoung G, Pless R, Baum M (2006) Micronutrient supplementation 
increases CD4 count in HIV-infected individuals on highly active antiretroviral therapy: a prospective, 
double-blinded, placebo-controlled trial. J Acquir Immune Defic Syndr 42:523–528



Section C 
Nutriceuticals and Immune-mediated  

Cancer Therapy



283

16 Fruit, Vegetables, and Extracts:  
Role in Cancer Prevention

Susan S. Percival

Key Points

Gamma delta T cells are cytotoxic lymphocyte cells that kill malignant cells.•	
They also kill macrophages when the immune response is completed and no longer •	
needed.
These cells are modified by dietary bioactive compounds in what is known as nonan-•	
tigen priming. These cells respond faster and to a greater extent after priming.
Modification of these cells by diet is hypothesized to prevent cancer because they •	
cannot only kill malignant cells but they can also reduce the inflammation that has 
been associated with an increased incidence of cancer.

Key Words: Gamma/delta T cell, nonantigen priming, pathogen-associated molecular 
pattern, inflammation, catechin.

16.1  INTRODUCTION

This chapter will discuss the effect that fruits and vegetables and their extracts have 
in preventing cancer. In the overall broad look at cancer (Fig. 16.1), the role of immune 
cells as cytotoxic cells that kill malignant cells will be examined. The immune cell’s 
role in inflammation that has been associated with the risk of cancer will also be dis-
cussed. The chapter will specifically address gd T cells, their ability to destroy malig-
nant cells, their anti-inflammatory activity, and the capability of fruits and vegetables to 
modify these abilities. Modifications to these cells may occur by mechanisms involving 
differentiation, by altering the response capacity of the mature cell, or, lastly, by helping 
to reduce the immune system’s capacity for chronic inflammation.
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Fig. 16.1. Overview of mechanisms by which cancer becomes a malignancy. Immunological mecha-
nisms that are marked in bold are the focus of the chapter.

16.2  EXPERIMENTAL MODELS USED TO STUDY  
PHYTOCHEMICALS AND IMMUNITY

Research to understand fruit and vegetable influences on immunity and, subse-
quently, on the risk of cancer have been performed in cell culture models, in animals, 
and indirectly in humans. Investigations have utilized the whole food, dried whole foods 
in capsule form, extracts, and individual compounds. Some scientists estimate that the 
number of plant compounds exceeds thousands, many of them in minute amounts or 
with obscure structures. Just which ones are active in modifying immune function is not 
known, nor do we know the additive, synergistic, or antagonistic interactions among 
them. Laboratory evidence, although not related to immune function, has suggested that 
whole food has more activity than the sum of the parts (1). Hence, this chapter will 
focus on studies using whole foods or extracts of foods, rather than on single com-
pounds. For nomenclature, fruit and vegetable compounds are used interchangeably 
with plant bioactive compounds and represent the thousands of polyphenols and flavo-
noid families of flavonols, flavan-3-ols, flavones, anthocyanins, etc.

The activity of fruit and vegetable compounds is studied in cell culture using either 
cancer cell lines or cells derived from the blood, usually peripheral blood mononuclear 
cells (PBMC). PBMC are largely T lymphocytes, B lymphocytes, and monocytes. 
Cancer cell lines are useful because of their perpetual life span, while PBMC survive 
only a short time in culture. There are many limitations to cell culture studies. The 
compounds may be used in culture in greater quantity than what might be found in the 
blood after being ingested. Moreover, while there is little modification to plant bioactive 
compounds in the mouth, there may be many changes occurring due to the action of 
stomach acid (instability), and change of pH in the lumen of the small intestine (oxida-
tion) (2). During absorption of the compounds across the enterocyte and the first pass 
through the liver, the bioactive compounds are de- and reglycosylated, methylated, sul-
fated, and glucuronidated resulting in a pattern of photochemicals that are drastically 
altered from the pattern that was consumed. Our knowledge of the compounds formed 
from the parent compound is incomplete, which may result in an underestimate in the 
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amount absorbed in vivo. Estimates of flavan-3-ol absorption have been suggested to be 
10–20% of that which is consumed (2). Following that, what is not absorbed is modified 
by the microbiota and subsequent colon absorption of compounds modified by demeth-
ylation, decarboxylation, dehydroxylation, ring cleavage, and hydrolysis. Compounds 
resulting from the action of colonic microbes have been found in the urine 7–14 h after 
the parent compounds were consumed. It has been estimated that microbial action and 
subsequent absorption in the colon account for 6–39% of the ingested flavan-3-ol (2). 
Cell culture studies do not take into account digestion, absorption, or microbial action. 
Because of these limitations, this chapter will largely focus on research where the foods 
or extracts have been consumed in experimental animal or human models.

16.3  EPIDEMIOLOGY OF CANCER AND FRUITS AND VEGETABLES

It was recognized many years ago that there were components of plants that were not 
essential to life, but provided health benefits beyond the basic vitamins and minerals. 
One benefit suggested by research was the reduction in the incidence of cancer (3). 
Epidemiological studies, however, have shown somewhat conflicting information 
regarding the consumption of fruits and vegetables and the risk of cancer. For example, 
low fruit and vegetable consumption is inversely associated with cancer, but interven-
tions using vitamin and/or carotenoid supplements did not reduce the risk of cancer 
(4–6). Some types of cancer have a stronger inverse relationship with fruit and vegetable 
intake than others. For example, the risk of prostate cancer was not associated with fruit 
and vegetable intake (7), but was associated with cruciferous vegetables (8) and with 
high vitamin C intake (9). Fruit and vegetable consumption was associated with a 
reduced risk of colon and rectal cancer in men, but not in women (10), while another 
study found a modest reduction in colon cancer but didn’t separate genders (11). An 
additional study found that fruit and vegetable consumption lowered risk of the distal 
colon but not colon cancer incidence overall (12). Fruit and vegetable consumption 
reduced the risk of bladder cancer (13, 14) and gastric and oral cancers (15, 16), while 
another study found that only vegetables, but not fruit, reduced the risk of gastric and 
esophageal cancers (17). Factors that may influence the results of epidemiological stud-
ies include the time at which the cancer was initiated, the location of the cancer, the 
timing of the supplement, if used, and the life-time intake of fruits and vegetables, mak-
ing these types of studies difficult to interpret. However, numerous biochemical and 
physiological studies, as well as biomarker studies, strongly suggest a benefit of fruit 
and vegetable compounds in health related to cancer-risk reduction.

16.4  GENERAL IMMUNITY

Immunity is complex and redundant and uses several different cells to carry out the 
function of surveillance and response. Some of these cells are cytotoxic and have the 
potential to kill malignant cells. These include cytotoxic CD8+ T cells, NK cells, NK-T 
cells, and gd T cells. A healthy immune system is dependent upon all nutrients, both 
macro and micro. A deficiency in any one nutrient or energy source will impair the 
functions of both surveillance and response, including cytotoxic activity. Without 
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 cytotoxic activity, malignant cells may proliferate. Thus, a well-nourished immune sys-
tem is vital to reducing the risk of cancer.

In general, the immune system is categorized into two systems, the innate and the 
acquired. The innate system, sometime referred to as the first line of defense, includes 
neutrophils and macrophages, as well as the skin and mucosal membrane barriers. The 
cells of the innate immune system identify a foreign pathogen using a toll-like receptor 
(TLR) that can recognize the pattern that is unique to the pathogen, that is, a pathogen-
associated molecular pattern (PAMP). These cell types kill pathogens by ingestion 
(phagocytosis) and then by bombardment with free radicals and other damaging chemi-
cals. The action of these cells is responsible for driving the inflammatory response.

The acquired immune system comprises lymphocytes, T cells, and B cells, and is 
somewhat slower to respond than the innate system. Each of these cells encodes a 
unique protein receptor on its surface that is highly specific for the antigen. These cells 
are responsible for self/nonself recognition and develop into memory cells. The B cells 
proliferate and differentiate into plasma cells that secrete antibody during the response. 
The T cells respond by proliferating after antigen is presented to them by antigen-pre-
senting cells. The majority of T cells in the circulation express a T-Cell Receptor (TCR) 
having ab chains. A small number of T cells in the circulation express a TCR having 
gd chains. Most gd T cells are found in the epithelial linings of the lung, the gut, and the 
urinary and reproductive tracts. gd T cells have characteristics of both the innate and the 
acquired immune systems. Their phenotype is that of a lymphocyte, yet, during patho-
gen invasion, gd T cells are not activated in the same way as the ab cells, but are acti-
vated more like cells of the innate immune system, by recognition of PAMP (18, 19). 
Jutila et al. showed multiple PAMP receptors on bovine, human and mouse gd T cells 
(20). Prenyl phosphate is a molecule having a pattern that is recognized by receptors of 
the gd T cells. The interaction of prenyl phosphate with the gd T-cell receptor resulted 
in gd T-cell proliferation as well as synthesis and secretion of cytokines necessary for 
communicating with other parts of the immune system (21, 22). Other gd T-cell PAMP 
include alkylamines (22, 23), heat shock proteins (24, 25), and intermediates of the 
mevalonate pathway (26, 27). Because of their location in the epithelia, gd T cells are 
on the front-line to respond to pathogens that we breathe in or consume. Their nonspe-
cific but rapid interactions with pathogens pave the way for the rest of the immune 
system to participate in the elimination of the foreign invader.

16.5  gd T CELLS AND CANCER

gd T cells, known cytotoxic cells, have two pathways to draw on to kill tumor cells. 
A small fraction of tumor cells, such as Burkitt’s lymphoma and multiple myeloid cells, 
are killed in a TCR-dependent manner (28), while others are killed by a mechanism 
similar to the NK pathway that uses perforin, NKG2D, FAS/FAS ligand, and TRAIL to 
induce apoptosis (29–32). There is active immuno-therapy research taking place to 
enhance the activity of gd T cells in cancer patients, using a family of nitrogen- 
containing bisphosphonates (N-BP) to enlarge the population (33–36). Dieli et al. gave 
an I.V.  infusion of N-BP along with IL-2 to metastatic hormone-insensitive prostate 
cancer patients and showed a significant improvement in gd T-cell activation,  production 
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of interferon-g (IFN-g), and expression of perforin. The patients also had increased 
serum levels of the apoptosis factor, TRAIL. Moreover, enhancing the activation of gd 
T cells was associated with reduced prostate specific antigen levels, partial remission in 
three patients, and stable disease in five patients. As a side note, the number of patients 
who received the N-BP without IL-2 progressively declined. These results, and others, 
imply that the strengthening of gd T cells might be an important tool in the arsenal 
needed to prevent cancer. A strong gd T cell population would, perhaps, be able to kill 
malignant cells before they replicated to disease conditions.

As noted previously, gd T cells are one of several kinds of cancer-eliminating immune 
cells. What makes these cells unique to our discussion in this chapter is that they can be 
modified by dietary compounds.

16.6  gd T CELLS AND DIFFERENTIATION: IMPACT OF FRUITS  
AND VEGETABLES

Information regarding improved differentiation of gd T cells by compounds found in 
fruits and vegetables is scarce. In sum, the vitamins associated with differentiation, 
vitamin A and D, have been shown to play a role in gd T-cell differentiation (37). These 
gd T cells have been shown to have the vitamin D receptor that is upregulated via a 
mechanism involving protein kinase C (33). However, adequate vitamin A and D intake 
is necessary for the differentiation and function of all immune cells and is not unique to 
the gd T cell.

16.7  gd T CELLS AND PRIMING: IMPACT OF FRUITS  
AND VEGETABLES

What appears to be distinctive about the gd T cell, compared to other immune cells, 
is its ability to be modified by dietary compounds. In a mouse study investigating die-
tary lipids, the relative amount of gd T cells was proportional to the concentration of 
18:2(n-6), and inversely proportional to the concentration of long chain (n-3) polyenes 
in the diet (38). This study was one of the first to establish an association between diet 
and gd T cells (Table 16.1). In an animal model of allergy, ovalbumin-sensitized mice 
were fed unripe apple polyphenols. The apple polyphenols inhibited the development of 
sensitization by reducing levels of IgE, IgG1, and IgG2a. These results corresponded 
with an increase in gd T cells in the intestinal intraepithelial lymphocyte population 
(39). In an in vitro model, a fairly low concentration – 20–40 mg/ml – of apple polyphe-
nols upregulated CD11b on gd T cells. Removing the proanthocyanidins from the apple 
polyphenol preparation by column chromatography removed the activity that caused the 
upregulation of cytokines (40). The authors suggest that this is a form of nonantigen 
priming of the gd T cell (20).

Kamath et al. (41) compared gd T-cell proliferation and IFN-g secretion in people 
who drank five to six cups of black tea per day for 4 weeks compared to people who 
drank the same amount of coffee. Both beverages contained caffeine, but only the tea 
contained catechins and another gd T-cell antigen, l-theanine. ELISPOT analysis 
showed a two- to threefold increase in IFN-g spots from PBMC of the tea drinkers.  
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The PBMC from people who drank tea were also able to secrete more IFN-g in response 
to exposure to two different bacterial preparations ex vivo.

In another human study, 30 people consumed a powdered concentrate of fruits and 
vegetables for 11 weeks (42). The study participants were recruited from first and sec-
ond year law students as a model of stress. Circulating gd T-cell numbers increased by 
about 30% in those consuming the fruit and vegetable concentrate, while gd T-cell num-
bers in those taking the placebo did not change. Antioxidant activity in the serum 
increased as well as serum carotenoids in fruit and vegetable concentrate consumers 
compared to those consuming the placebo. Fruit and vegetable capsule consumption 
was associated with a trend in less severe cold and flu symptoms, suggesting modest 
changes to immunity that resulted in less illness.

An in vivo human study was performed with a capsule containing two components 
found in tea: the family of catechins and l-theanine (43). The catechins were enriched 
for epigallocatechin gallate (EGCG) to about 60% and the l-theanine was highly (99%) 
purified. As such, the tea formula preparation was standardized and well defined. Tea, 
as a beverage, is not well defined in the literature. Not only are there differences in the 
climate and geography of the plant, but there are differences in the beverage due to 
brewing time and temperature. The literature is replete with papers that discuss “a cup” 
of tea without defining “a cup”; or distinguishing between a small, four-ounce Asian 
cup, a six-ounce tea cup or a literal eight-ounce cup.

Subjects consumed this supplement or placebo capsules for 3 months. PBMC from 
both the baseline blood draw and the postconsumption blood draw were cultured for  

Table 16.1 
Summary of the effects of bioactive compounds on g d T cell

Model
Bioactive 
under study

Length 
of time

Biochemical and/
or physiological 
measures

Clinical 
measures References

In vivo mouse 
study

Lipids 5 months Increased number 
in intestine

NA (62)

In vivo mouse Unripe apple 
polyphenols

9 weeks Increased number 
in intestine

NA (39)

In vitro PBMC 
culture

Apple 
polyphenols

24 h Increased CD11b 
surface expres-
sion

NA (40)

In vivo human Tea versus 
coffee

8 weeks Increased IFN-g 
secretion

NA (41)

In vivo human Fruit and veg-
etable juice 
concentrate

11 weeks Increased circulat-
ing gd T cells

Fewer cold 
and flu 
symp-
toms

(42)

In vivo human L-theanine  +   
catechins

3 weeks Increased IFN-g  
secretion;  
increased prolifer-
ation of gd T cell

Fewer  
incidenc-
es of cold 
and flu

(43)

A summary table of the studies using plant bioactive compounds to impact gd T cells
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10 days with ethylamine, the compound derived from l-theanine metabolism in vivo 
(44–46). The cells derived from people who consumed the tea formula capsules secreted 
a greater amount of IFN-g and their gd T-cell population proliferated to a greater extent 
than the cells from people consuming the placebo. In addition, subjects consuming the 
tea formula capsules had fewer incidences of cold and flu. Both tea formula compounds, 
the catechins and the l-theanine, are hypothesized to interact with gd T cells in such a 
way as to prime them without overtly activating them.

This was further substantiated when it was shown that the changes in the gd T-cell 
cultures were due to a change in the cell itself as opposed to changes occurring due to 
the presence of a compound or metabolite in the serum. Incubating the primed gd T cell, 
that is, the gd T cell after consumption of l-theanine, with the serum derived from the 
baseline blood draw or with the serum after consumption of the l-theanine showed no 
difference in the ability of the cell population to proliferate (Fig. 16.2). This indicated 
that the cell was able to proliferate regardless of the presence (or absence) of com-
pounds in the serum.

Some have argued that many of the bioactive compounds consumed in the diet may 
not be absorbed or are absorbed only minimally. How can these bioactive compounds 
influence the immunity of the entire body? First, vitamins and minerals and other bioac-
tive compounds have been shown to be absorbed and therefore directly support the 
growth and maintenance of blood or bone marrow immune cells. Second, many com-
pounds that are not absorbed still interact directly with the immune cells residing in the 
intestine, in the Peyer’s patches and the intraepithelial cells lining the microvilli. Many 
of the intraepithelial T cells have the gamma delta TCR. Since gut immune cells migrate 
in and out of tissues, through the circulation and through the lymph system (47, 48), 
functional changes in the blood-borne gd T cells can be measured regardless of whether 
the bioactive compound is absorbed or not. Even so, there is evidence that the catechins 
(2, 49–52) and l-theanine (46) are absorbed. Studies that measure changes in the blood 
cells do not know the origin of the cells, only that they have been modified by the diet. 
Third, the compounds that are not absorbed have been shown to be modified by colonic 
microbiota. Metabolites of the parent compounds have been shown to be absorbed from 
the colon. Catechins, for example, may be degraded by the microbiota and the metabo-
lites absorbed in the colon. Valerolactones, a family of microbial products derived from 
catechins were found in the urine 7–14 h after the consumption of catechins (53). The 
metabolites formed from the action of the microbiota could possibly influence the blood 
cells of the systemic immune system; however, this has not been proven. In summary, 
dietary bioactive compounds do not have to be absorbed to alter immune cells. The cells 
obtained from the blood are indicative of what has happened regardless of where the 
interaction, that is, priming, actually took place. Thus, in human studies, changes in the 
blood cells are observed whether the immune cell was directly modified in the blood, 
or gut, or, indirectly, by metabolites formed by microbial action.

Several in vivo and in vitro studies show that there are certain food components that 
modify gd T cells and that this modification is consistent with priming. The bioactive 
compounds found in some fruits and vegetables, as well as in tea, do not interact with 
the TLR with enough affinity to cause the cell to respond. However, when primed cells 
encounter a malignant cell, they can react faster and with greater intensity. Further 
research is needed to define and measure exactly what the priming of gd T cell involves. 
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Fig. 16.2. Human subjects (n  =  12) donated a sample of blood, then consumed capsules containing 
500 mg l-theanine for 7 days after which they donated a second sample of blood. Serum and periph-
eral blood mononuclear cells were prepared from both blood draws. Panel A: Cells derived from the 
baseline blood draw and post-l-theanine consumption were cultured for 7 and 14 days with ethyl-
amine. Cells from subjects who consumed the l-theanine (hatched bars) proliferated to a greater 
extent than those from the baseline blood draw (open bars). Panel B: Cells derived after consuming 
l-theanine were cultured in serum from the baseline blood draw (open blood draw) or the post-l-
theanine blood draw (hatched bars). The source of serum had no effect on the proliferation, suggesting 
that the changes to proliferation was from the cell itself and not from something in the serum.

If results support the hypothesis that certain dietary compounds can prime gd T cells, 
then this would identify a mechanism by which fruit and vegetable consumption can 
reduce the risk of cancer.
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16.8  INFLAMMATION’S ROLE IN CARCINOGENESIS

Numerous studies and reviews discuss the role of inflammation in the risk for cancer 
(see below). It appears clear that inflammation and the accompanying free radicals are 
a major source of damage to cell membranes, enzymes, DNA, and lipid moieties. This 
damage can accumulate, may not be repairable, and may ultimately initiate a cell allow-
ing for progression to a cancerous state (Fig. 16.1).

Inflammation is initiated by foreign pathogens, such as would occur in a normal 
immune response, or by self-antigens produced by damage to tissues (heat shock pro-
teins). Toxins or xenobiotics may also play a role. Responding to antigens, toxins, or 
xenobiotics is a normal response of the immune system and is necessary to fight infec-
tion or to enhance wound healing. However, after the pathogen has been dispatched, it 
is critical that the inflammatory process be stopped. Disease is associated with the per-
sistence of inflammation. Numerous examples of inflammatory biomarkers such as 
cytokines (54–56), transcription factors (57, 58), and cells (59) have been implicated in 
the initiation and progression of cancer. This is by no means an exhaustive citation list, 
but rather a few recent reviews that illustrate the pervasiveness of inflammation to the 
incidence of cancer.

16.9  gd T CELLS AND INFLAMMATION

Another function of the gd T cells is their capacity to end the inflammatory response. 
Genetically altered mice, with their gd TCR knocked out, were able to resolve an infec-
tion of Listeria monocytogenes, but developed tissue necrosis at the site of infection 
(60). Compared to wild type mice, gd knockout mice had an abnormal accumulation of 
neutrophils and macrophages in the liver and spleen, which was ultimately responsible 
for the tissue necrosis. Macrophages isolated from the peritoneum of the infected 
knockout mice were less apoptotic, more viable, and more active than those from the 
infected wild type mice. Further experiments showed that in the wild-type mouse, mac-
rophages were killed by apoptosis via cell-to-cell contact with gd T cells. Knockout 
mice were not able to kill macrophages, resulting in an inability of the animal to resolve 
inflammation. Their findings provide evidence that gd T cell-mediated cytotoxicity is a 
means of terminating macrophage activity after the inflammatory response is no longer 
needed (60, 61). Priming gd T cells with bioactive compounds may help resolve inflam-
mation, thereby reducing cell damage that could lead to cancer.

16.10  CONCLUSIONS AND PERSPECTIVES

It has been shown in various clinical studies that fruit and vegetable consumption 
impacts gd T cell proliferation and cytokine secretion. Others have shown fruit and 
vegetable compounds prime gd T cells for a quicker, more productive response. 
Immunotherapy trials showed that the gd T cell activity was associated with improved 
survival and quality of life. Thus, maintaining gd T-cell activity is important to cancer 
prevention. In addition, their regulatory effect that resolves inflammation may be 
enhanced by fruit and vegetable consumption and therefore might be associated with 
providing yet another possible way to reduce the risk of cancer.



292 Percival

Acknowledgments This chapter would not be possible without the hard work and dedication of 
my laboratory staff, Meri Nantz and Cheryl A. Rowe, Ph.D. and my collaborators, Jack 
Bukowski and Susanne and Steve Talcott.

REFERENCES

 1. Percival SS, Talcott ST, Chin ST, Mallak AC, Lounds-Singleton A, Pettit-Moore J (2006) Neoplastic 
transformation of BALB/3T3 cells and cell cycle of HL-60 cells are inhibited by mango (Mangifera 
indica L.) juice and mango juice extracts. J Nutr 136:1300–1304

 2. Spencer JP, Schroeter H, Rechner AR, Rice-Evans C (2001) Bioavailability of flavan-3-ols and procya-
nidins: gastrointestinal tract influences and their relevance to bioactive forms in vivo. Antioxid Redox 
Signal 3:1023–1039

 3. Palmer S (1985) Diet, nutrition, and cancer. Prog Food Nutr Sci 9:283–341
 4. Navarro Silvera SA, Mayne ST, Risch H, Gammon MD, Vaughan TL, Chow WH, Dubrow R, 

Schoenberg JB, Stanford JL, West AB, Rotterdam H, Blot WJ, Fraumeni JF Jr (2008) Food group 
intake and risk of subtypes of esophageal and gastric cancer. Int J Cancer 123:852–860

 5. Briviba K, Bub A, Moseneder J, Schwerdtle T, Hartwig A, Kulling S, Watzl B (2008) No differences 
in DNA damage and antioxidant capacity between intervention groups of healthy, nonsmoking men 
receiving 2, 5, or 8 servings/day of vegetables and fruit. Nutr Cancer 60:164–170

 6. Plummer M, Vivas J, Lopez G, Bravo JC, Peraza S, Carillo E, Cano E, Castro D, Andrade O, Sanchez 
V, Garcia R, Buiatti E, Aebischer C, Franceschi S, Oliver W, Munoz N (2007) Chemoprevention of 
precancerous gastric lesions with antioxidant vitamin supplementation: a randomized trial in a high-risk 
population. J Natl Cancer Inst 99:137–146

 7. Suzuki R, Allen NE, Key TJ, Appleby PN, Tjonneland A, Johnsen NF, Jensen MK, Overvad K, Boeing 
H, Pischon T, Kaaks R, Rohrmann S, Trichopoulou A, Misirli G, Trichopoulos D, Bueno-de-Mesquita 
HB, van DF, Sacerdote C, Pala V, Palli D, Tumino R, Ardanaz E, Quiros JR, Larranaga N, Sanchez MJ, 
Tormo MJ, Jakszyn P, Johansson I, Stattin P, Berglund G, Manjer J, Bingham S, Khaw KT, Egevad L, 
Ferrari P, Jenab M, Riboli E (2009) A prospective analysis of the association between dietary fiber 
intake and prostate cancer risk in EPIC. Int J Cancer 124:245–249

 8. Kirsh VA, Peters U, Mayne ST, Subar AF, Chatterjee N, Johnson CC, Hayes RB (2007) Prospective 
study of fruit and vegetable intake and risk of prostate cancer. J Natl Cancer Inst 99:1200–1209

 9. Ambrosini GL, de Klerk NH, Fritschi L, Mackerras D, Musk B (2008) Fruit, vegetable, vitamin A 
intakes, and prostate cancer risk. Prostate Cancer Prostatic Dis 11:61–66

 10. Nomura AM, Wilkens LR, Murphy SP, Hankin JH, Henderson BE, Pike MC, Kolonel LN (2008) 
Association of vegetable, fruit, and grain intakes with colorectal cancer: the Multiethnic Cohort study. 
Am J Clin Nutr 88:730–737

 11. Millen AE, Subar AF, Graubard BI, Peters U, Hayes RB, Weissfeld JL, Yokochi LA, Ziegler RG (2007) 
Fruit and vegetable intake and prevalence of colorectal adenoma in a cancer screening trial. Am J Clin 
Nutr 86:1754–1764

 12. Koushik A, Hunter DJ, Spiegelman D, Beeson WL, van Den Brandt PA, Buring JE, Calle EE, Cho E, 
Fraser GE, Freudenheim JL, Fuchs CS, Giovannucci EL, Goldbohm RA, Harnack L, Jacobs DR Jr, 
Kato I, Krogh V, Larsson SC, Leitzmann MF, Marshall JR, McCullough ML, Miller AB, Pietinen P, 
Rohan TE, Schatzkin A, Sieri S, Virtanen MJ, Wolk A, Zeleniuch-Jacquotte A, Zhang SM, Smith-
Warner SA (2007) Fruits, vegetables, and colon cancer risk in a pooled analysis of 14 cohort studies.  
J Natl Cancer Inst 99:1471–1483

 13. Garcia-Closas R, Garcia-Closas M, Kogevinas M, Malats N, Silverman D, Serra C, Tardon A, Carrato 
A, Castano-Vinyals G, Dosemeci M, Moore L, Rothman N, Sinha R (2007) Food, nutrient and hetero-
cyclic amine intake and the risk of bladder cancer. Eur J Cancer 43:1731–1740

 14. Sacerdote C, Matullo G, Polidoro S, Gamberini S, Piazza A, Karagas MR, Rolle L, De SP, Casetta G, 
Morabito F, Vineis P, Guarrera S (2007) Intake of fruits and vegetables and polymorphisms in DNA 
repair genes in bladder cancer. Mutagenesis 22:281–285

 15. Lunet N, Valbuena C, Vieira AL, Lopes C, Lopes C, David L, Carneiro F, Barros H (2007) Fruit and 
vegetable consumption and gastric cancer by location and histological type: case-control and meta-
analysis. Eur J Cancer Prev 16:312–327



293Chapter 16 / Fruit, Vegetables, and Extracts

 16. Pavia M, Pileggi C, Nobile CG, Angelillo IF (2006) Association between fruit and vegetable consump-
tion and oral cancer: a meta-analysis of observational studies. Am J Clin Nutr 83:1126–1134

 17. Gonzalez CA, Pera G, Agudo A, Bueno-de-Mesquita HB, Ceroti M, Boeing H, Schulz M, Del GG, 
Plebani M, Carneiro F, Berrino F, Sacerdote C, Tumino R, Panico S, Berglund G, Siman H, Hallmans 
G, Stenling R, Martinez C, Dorronsoro M, Barricarte A, Navarro C, Quiros JR, Allen N, Key TJ, 
Bingham S, Day NE, Linseisen J, Nagel G, Overvad K, Jensen MK, Olsen A, Tjonneland A, Buchner 
FL, Peeters PH, Numans ME, Clavel-Chapelon F, Boutron-Ruault MC, Roukos D, Trichopoulou A, 
Psaltopoulou T, Lund E, Casagrande C, Slimani N, Jenab M, Riboli E (2006) Fruit and vegetable intake 
and the risk of stomach and oesophagus adenocarcinoma in the European Prospective Investigation into 
Cancer and Nutrition (EPIC-EURGAST). Int J Cancer 118:2559–2566

 18. Hayday A, Tigelaar R (2003) Immunoregulation in the tissues by gammadelta T cells. Nat Rev 
Immunol 3:233–242

 19. Hedges JF, Lubick KJ, Jutila MA (2005) Gamma delta T cells respond directly to pathogen-associated 
molecular patterns. J Immunol 174:6045–6053

 20. Jutila MA, Holderness J, Graff JC, Hedges JF (2008) Antigen-independent priming: a transitional 
response of bovine gammadelta T-cells to infection. Anim Health Res Rev 9:47–57

 21. Morita CT, Lee HK, Leslie DS, Tanaka Y, Bukowski JF, Marker-Hermann E (1999) Recognition of 
nonpeptide prenyl pyrophosphate antigens by human gammadelta T cells. Microbes Infect 1:175–186

 22. Morita CT, Jin C, Sarikonda G, Wang H (2007) Nonpeptide antigens, presentation mechanisms, and 
immunological memory of human Vgamma2Vdelta2 T cells: discriminating friend from foe through 
the recognition of prenyl pyrophosphate antigens. Immunol Rev 215:59–76

 23. Bukowski JF, Morita CT, Brenner MB (1999) Human gd T cells recognize alkylamines derived from 
microbes, edible plants, and tea: implications for innate immunity. Immunity 11:57–65

 24. Hirsh MI, Junger WG (2008) Roles of heat shock proteins and {gamma}{delta}T cells in inflammation. 
Am J Respir Cell Mol Biol 39:509–513

 25. Hirsh MI, Hashiguchi N, Chen Y, Yip L, Junger WG (2006) Surface expression of HSP72 by LPS-
stimulated neutrophils facilitates gammadeltaT cell-mediated killing. Eur J Immunol 36:712–721

 26. Gober HJ, Kistowska M, Angman L, Jeno P, Mori L, De Libero G (2003) Human T cell receptor gam-
madelta cells recognize endogenous mevalonate metabolites in tumor cells. J Exp Med 197:163–168

 27. Tanaka Y, Morita CT, Tanaka Y, Nieves E, Brenner MB, Bloom BR (1995) Natural and synthetic non-
peptide antigens recognized by human gamma delta T cells. Nature 375:155–158

 28. Tanaka Y (2006) Human gamma delta T cells and tumor immunotherapy. J Clin Exp Hematop 
46:11–23

 29. Bilgi O, Karagoz B, Turken O, Kandemir EG, Ozturk A, Gumus M, Yaylaci M (2008) Peripheral blood 
gamma-delta T cells in advanced-stage cancer patients. Adv Ther 25:218–224

 30. Girardi M, Oppenheim DE, Steele CR, Lewis JM, Glusac E, Filler R, Hobby P, Sutton B, Tigelaar RE, 
Hayday AC (2001) Regulation of cutaneous malignancy by gamma delta T cells. Science 
294:605–609

 31. Lilienfeld-Toal M, Nattermann J, Feldmann G, Sievers E, Frank S, Strehl J, Schmidt-Wolf IG (2006) 
Activated gammadelta T cells express the natural cytotoxicity receptor natural killer p 44 and show 
cytotoxic activity against myeloma cells. Clin Exp Immunol 144:528–533

 32. Oppenheim D, Girardi M, Steele C, Lewis J, Fuller R, Gluscac E, Hobby P, Sutton B, Tigelaar R, 
Hayday A (2001) Rae-1 recognition by NKG2d: a molecular mechanism for gamma delta T-cell medi-
ated surveillance of cutaneous malignancy in the mouse. Cancer Gene Ther 8:915

 33. Beetz S, Marischen L, Kabelitz D, Wesch D (2007) Human gamma delta T cells: candidates for the 
development of immunotherapeutic strategies. Immunol Res 37:97–111

 34. Galluzzo S, Santini D, Vincenzi B, Caccamo N, Meraviglia F, Salerno A, Dieli F, Tonini G (2007) 
Immunomodulating role of bisphosphonates on human gamma delta T cells: an intriguing and promis-
ing aspect of their antitumour activity. Expert Opin Ther Targets 11:941–954

 35. Goto S, Noguchi A, Jinguji H, Takahara M (2006) The therapeutic potential of immuno-cell therapy of 
cancer in combination with aminobisphosphonates. Anticancer Res 26:3989–3995

 36. Dieli F, Vermijlen D, Fulfaro F, Caccamo N, Meraviglia S, Cicero G, Roberts A, Buccheri S, D’Asaro 
M, Gebbia N, Salerno A, Eberl M, Hayday AC (2007) Targeting human {gamma}{delta} T cells with 
zoledronate and interleukin-2 for immunotherapy of hormone-refractory prostate cancer. Cancer Res 
67:7450–7457



294 Percival

 37. Gombart AF, Luong QT, Koeffler HP (2006) Vitamin D compounds: activity against microbes and 
cancer. Anticancer Res 26:2531–2542

 38. Jameson JM, Sharp LL, Witherden DA, Havran WL (2004) Regulation of skin cell homeostasis by 
gamma delta T cells. Front Biosci 9:2640–2651

 39. Akiyama H, Sato Y, Watanabe T, Nagaoka MH, Yoshioka Y, Shoji T, Kanda T, Yamada K, Totsuka M, 
Teshima R, Sawada J, Goda Y, Maitani T (2005) Dietary unripe apple polyphenol inhibits the develop-
ment of food allergies in murine models. FEBS Lett 579:4485–4491

 40. Graff JC, Jutila MA (2007) Differential regulation of CD11b on gammadelta T cells and monocytes in 
response to unripe apple polyphenols. J Leukoc Biol 82:603–607

 41. Kamath AB, Wang L, Das H, Li L, Reinhold VN, Bukowski JF (2003) Antigens in tea-beverage prime 
human Vgamma 2Vdelta 2 T cells in vitro and in vivo for memory and nonmemory antibacterial 
cytokine responses. Proc Natl Acad Sci USA 100:6009–6014

 42. Nantz MP, Rowe CA, Nieves C Jr, Percival SS (2006) Immunity and antioxidant capacity in humans is 
enhanced by consumption of a dried, encapsulated fruit and vegetable juice concentrate. J Nutr 
136:2606–2610

 43. Rowe CA, Nantz MP, Bukowski JF, Percival SS (2007) Specific formulation of Camellia sinensis pre-
vents cold and flu symptoms and enhances gd T cell function: a randomized, double-blind, placebo-
controlled study. J Am Coll Nutr 26:445–452

 44. Unno T, Suzuki Y, Kakuda T, Hayakawa T, Tsuge H (1999) Metabolism of theanine, gamma-
glutamylethylamide, in rats. J Agric Food Chem 47:1593–1596

 45. Terashima T, Takido J, Yokogoshi H (1999) Time-dependent changes of amino acids in the serum, liver, 
brain and urine of rats administered with theanine. Biosci Biotechnol Biochem 63:615–618

 46. Tsuge H, Sano S, Hayakawa T, Kakuda T, Unno T (2003) Theanine, gamma-glutamylethylamide, is 
metabolized by renal phosphate-independent glutaminase. Biochim Biophys Acta 1620:47–53

 47. Brandes M, Willimann K, Lang AB, Nam KH, Jin C, Brenner MB, Morita CT, Moser B (2003) Flexible 
migration program regulates gamma delta T-cell involvement in humoral immunity. Blood 
102:3693–3701

 48. Brandes M, Willimann K, Lang AB, Nam KH, Jin C, Brenner MB, Morita CT, Moser B (2003) Flexible 
migration program regulates gamma delta T-cell involvement in humoral immunity. Blood 
102:3693–3701

 49. Henning SM, Niu Y, Lee NH, Thames GD, Minutti RR, Wang H, Go VL, Heber D (2004) Bioavailability 
and antioxidant activity of tea flavanols after consumption of green tea, black tea, or a green tea extract 
supplement. Am J Clin Nutr 80:1558–1564

 50. Hollman PC, Katan MB (1998) Bioavailability and health effects of dietary flavonols in man. Arch 
Toxicol Suppl 20:237–248

 51. Manach C, Texier O, Morand C, Crespy V, Regerat F, Demigne C, Remesy C (1999) Comparison of 
the bioavailability of quercetin and catechin in rats. Free Radic Biol Med 27:1259–1266

 52. Scalbert A, Williamson G (2000) Dietary intake and bioavailability of polyphenols. J Nutr 
130:2073S–2085S

 53. Li C, Lee MJ, Sheng S, Meng X, Prabhu S, Winnik B, Huang B, Chung JY, Yan S, Ho CT, Yang CS 
(2000) Structural identification of two metabolites of catechins and their kinetics in human urine and 
blood after tea ingestion. Chem Res Toxicol 13:177–184

 54. Sethi G, Sung B, Aggarwal BB (2008) TNF: a master switch for inflammation to cancer. Front Biosci 
13:5094–5107

 55. Fantini MC, Pallone F (2008) Cytokines: from gut inflammation to colorectal cancer. Curr Drug Targets 
9:375–380

 56. Naugler WE, Karin M (2008) The wolf in sheep’s clothing: the role of interleukin-6 in immunity, 
inflammation and cancer. Trends Mol Med 14:109–119

 57. Khor TO, Yu S, Kong AN (2008) Dietary cancer chemopreventive agents – targeting inflammation and 
Nrf2 signaling pathway. Planta Med 74:1540–1547

 58. Fraser CC (2008) G protein-coupled receptor connectivity to NF-kappaB in inflammation and cancer. 
Int Rev Immunol 27:320–350

 59. Ostrand-Rosenberg S, Sinha P (2009) Myeloid-derived suppressor cells: linking inflammation and 
cancer. J Immunol 182:4499–4506



295Chapter 16 / Fruit, Vegetables, and Extracts

 60. Egan PJ, Carding SR (2000) Downmodulation of the inflammatory response to bacterial infection by 
gammadelta T cells cytotoxic for activated macrophages. J Exp Med 191:2145–2158

 61. Carding SR, Egan PJ (2000) The importance of gamma delta T cells in the resolution of pathogen-
induced inflammatory immune responses. Immunol Rev 173:98–108

 62. Berger A, German JB, Chiang BL, Ansari AA, Keen CL, Fletcher MP, Gershwin ME (1993) Influence 
of feeding unsaturated fats on growth and immune status of mice. J Nutr 123:225–233



297

17 Lactoferrin in Immune Function, 
Cancer and Disease Resistance

Ann M. Mulder and Carol A. Morris

Key Points

Lactoferrin (Lf) is a glycoprotein found in milk and other body fluids. Supplements •	
of Lf are isolated from cow’s milk.
Lf possesses immune-modulating, antioxidant and anti-inflammatory properties •	
which together support its anticancer activity.
Lf also possesses strong antimicrobial activity against a diverse range of bacteria, •	
fungi, parasites and viruses.

Key Words: Antibacterial, anticancer, antifungal, antiparasitic, antiviral, immunomod-
ulation, lactoferrin.

17.1  ENDOGENOUS LACTOFERRIN

Lactoferrin (Lf) is a protein, found in milk and a number of other body fluids. Milk 
proteins are divided into either casein or whey fractions; Lf is a whey protein and while 
accounting for <0.1% of total bovine milk protein, it possesses a disproportionate 
amount of biological activity (1). Milk is the specific diet of young mammals, and 
colostrum, milk produced in the early days of the neonate, is especially rich in growth 
factors, immunoglobulins and antimicrobial polypeptides such as Lf. Breast milk, in 
particular, is well recognized as providing superior resistance to pathogens by maternal 
immunoglobulins and other protective factors such as Lf, and supporting maturation of 
the immune system (2). Evidence continues to accumulate, as discussed in this chapter, 
supporting the premise that milk-derived proteins, in particular Lf, provide a variety of 
health-promoting benefits including immunomodulation, anti-inflammatory, anticancer, 
and antimicrobial properties.
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17.1.1  Structure of Lf
Structurally Lf is an 80 kDa iron-binding glycoprotein first identified in bovine milk 

in 1939 (3). After isolation and purification from bovine and human milk in the 1960’s, 
it was named “lactotransferrin,” suggesting a variant of transferrin. The determination 
of the human Lf’s amino acid sequence and three-dimensional structure revealed a sin-
gle polypeptide chain (~690 amino acid residues) folded into two homologous globular 
lobes, linked by an a-helix residue, with each lobe binding to one molecule of iron. This 
reversible iron-binding property creates two forms: an iron-bound (holo) and an iron-
free (apo) state. The highly stable holo state induces a “closed” structure whereby each 
lobe encloses the bound Fe3+ ion and is conformationally rigid. In contrast, the apo state 
is less stable, less compact, and more flexible (4).

Studies have established Lf as a member of the transferrin (Tf) family of non-heme 
iron-binding proteins; however, unlike the other members of the Tf proteins, Lf also 
exhibits a variety of biological activities unrelated to its iron-binding activity such as 
antibacterial, antiviral, antitumor, and immune modulation (5); activities, which rely on 
an ability to bind to biological molecules and cells. Furthermore, studies reveal that the 
surface of Lf, unlike other members of the Tf family, is highly cationic, a property 
which supports its ability to bind to many anionic molecules and cell surfaces and pro-
posed as a major factor in Lf’s additional activities.

17.1.2  Distribution of Lf
Lf is widely distributed throughout body fluids. It is produced from surface epithe-

lial cells, secreted in the iron-free form, and apart from high levels in milk, is also 
found in exocrine fluids such as tears, semen, mucosal secretions and saliva, and flu-
ids of the digestive tract, including bile, pancreatic juice and small intestine secre-
tions. These secretions, which interface with the external environment, play an 
important role in the first line of host defense. The concentration of Lf in body fluids 
is variable; in tears, it is as high as 2 mg/mL, whereas in blood, it can be as low as  
1 µg/mL (6). Milk, in particular, colostrum, is the most abundant source of Lf. 
Concentration in humans may vary from 5.9 mg/mL in colostrum, 2.9 mg/mL in tran-
sitional milk and 2.5 mg/mL in mature milk (7). Apart from body fluids, Lf is pro-
duced in great amounts in neutrophils (8). Here Lf is stored in the iron-free form in 
the cytoplasmic secondary granules of neutrophils and released during inflammation 
to play an important role in the feedback mechanism of the inflammatory response. 
Under normal conditions plasma Lf concentration is around 0.4–2.0 mg/mL, increas-
ing to 200 mg/mL during inflammation (6). Lf synthesis is also reported to occur in 
the human kidney. It is believed to support immune defense through the reduction of 
free iron in the urine, to contribute to the antioxidant defense system, and to play a 
role in iron metabolism by recovering free iron in the urine to make it available for 
metabolic functions (9).

The response of Lf to a variety of physiological, pathological and environmental 
challenges is well documented. Increased levels are found in human secretions associ-
ated with chronic bronchitis (10), inflammatory bowel disease feces (11), and in IgE-
mediated allergic skin conditions (12).
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17.2  LACTOFERRIN SUPPLEMENTS

Isolation and purification of Lf from bovine milk commenced in 1985 in the anticipa-
tion of effective supplementation of infant formula (13); recent evidence supports 
improved iron status and reduced infections in Lf-supplemented infant formulae (14). 
In vitro studies demonstrating Lf’s diverse range of biological activities have led to the 
purification, isolation, and sale of bovine Lf (bLf) as a neutraceutical. A range of oral 
supplements of Lf have been used for in vivo studies and clinical trials, including bovine 
Lf (bLf), recombinant human Lf (rhLf), and the Lf fragments lactoferricin (Lfcin) and 
lactoferrampin (Lfampin). BLf is isolated from cow’s milk while recombinant human 
Lf (rhLf) is produced in microorganisms and plants. At present, only natural ~15% iron-
saturated bLf is commercially available as a dietary supplement for human 
consumption.

17.2.1  Production of bLf Supplements
Concentrations of Lf in bovine milk vary from 0.1 – 0.3 mg/mL in mature milk, to 

2–5 mg/mL in colostrum (15). A variety of purification methods are available for the 
isolation of bLf; however, for large-scale production, a cation-exchange chromatogra-
phy system is generally used (16). Currently, the worldwide production of bLf is esti-
mated to be over 60 tons/year, and presently it is produced in Germany, the Netherlands, 
Belgium, New Zealand, Australia and France (17).

Since early research on Lf suggested its importance in breast milk, the first major 
application for bLf was the supplementation of infant milk formulae, commencing in 
1986 in Japan (17). Many benefits of bLf supplementation in infant formulae were 
reported, including enhanced microbial flora (18, 19), enhanced serum ferritin levels 
(20), and enhanced haematocrit levels along with reduced lower respiratory tract infec-
tions (14). Bovine Lf-supplemented infant formulae are currently marketed in Indonesia, 
Korea and Japan (17). In addition, bLf is now added to cosmetics, pet care supplements 
and immune-enhancing neutraceuticals, which include drinks, fermented milks and 
chewing gum (16).

17.2.2  Absorption and Bioavailability of Lf Supplements
The fate of ingested Lf is yet to be elucidated. In terms of exogenously administered 

Lf, either as a supplement or through mature breast milk, there appears to be no conclu-
sive evidence that ingested Lf, or its fragments, are absorbed in the healthy gut. In vivo 
studies on rats concluded that neither orally administered bLf nor its large molecular 
fragments were absorbed by normal adult rat intestines (21) or detected in portal blood 
(22). Furthermore, in adult human serum, Lf levels did not increase after oral adminis-
tration of rhLf (23). Instead, studies suggest that undigested Lf and its digested frag-
ments such as lactoferricin or lactoferrampin may bind to gastrointestinal epithelial 
cells, modulating mucosal immunity, thereby resulting in the enhancement of systemic 
immunity (21, 24).

A small number of studies, however, indicate the presence of ingested Lf in the blood 
and urine of newborn and gut-inflamed animals and humans. A study of the urine of 
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human preterm infants detected the presence of significant levels of nearly intact mater-
nal hLf molecules (25). BLf orally administered to newborn piglets was found in bile 
(26) and cerebrospinal fluid (27), and fragments were detected in the blood of rats 
exhibiting colitis (28). It is suspected that in all these cases, the barrier function of the 
gastrointestinal tract is either less fully developed or damaged, allowing the passage of 
large molecules (21).

17.2.3  Bioactive Fragments of Lactoferrin Supplements
Orally administered bLf and hLf are unusually resistant to proteolytic degradation. 

About 60% of the orally administered bLf has been shown to pass through the human 
stomach undigested and reach the small intestine (29), and substantial quantities of 
lactoferrin are found in the stool of breastfed infants (30); however, some breakdown 
does occur during gastric processing and on exposure to intestinal bacteria-derived and 
digestive enzymes (31). This proteolytic breakdown generates peptides or amino acid 
residues which also possess biological properties, often more potent than the parent Lf 
molecule. Fragments from Lf identified to date include lactoferricin (Lfcin) and lactof-
errampin (Lfampin).

17.2.3.1  Lactoferricin

Lactoferricins (Lfcin) are peptides produced by pepsin cleavage of lactoferrin. They 
were first identified in 1991 and while they appear to possess no iron-binding capacity, 
they exhibit greater antibacterial activity than the parent Lf (32). Lf in milk, which is 
catabolised in the digestive tract, is believed to produce these Lfcins. The activity of 
bovine Lfcin (bLfcin) is proposed to occur at the surface of bacterial membranes. It has 
been demonstrated that bLfcin produces blisters on the outer bacterial membrane (33), 
resulting in autolysis and disruption of cell-membrane permeability (34). Lfcin binds to 
lipopolysaccharide (LPS) and techoic acid (35). In vitro studies show it to be highly 
antibacterial against a range of bacteria and like the parent Lf, the beneficial bacteria B. 
bifidum strains are highly resistant to Lfcin (36). In addition, Lfcin has also been shown 
to inhibit and inactivate the fungi Candida albicans (37), to possess antiviral properties 
against cytomegalovirus (38), and possess potential anticancer activity by inducing 
apoptosis in human leukemia and carcinoma cell lines (39). In vivo studies reveal Lfcin-
supported clinical improvement of skin lesions after infection by the fungi Trichophyton 
mentagrophytes (tinea corporis) in guinea pigs (40), while demonstrating anti-ang-
iogenic properties in mice (41).

17.2.3.2  Lactoferrampin

In 2004, another bioactive fragment of Lf, lactoferrampin (Lfampin) was identified. 
It is situated in close proximity to Lfcin and exhibits at this early stage of research, 
antimicrobial activity against Bacillus subtilis, Escherichia coli, Pseudomonas aerugi-
nosa and C. albicans (42).

17.2.4  Safety of Lf Supplements
Both animal and human studies support the notion that bLf supplements are well 

tolerated. No serious adverse events have been reported both on healthy participants 
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and patients exhibiting pathology. These include healthy male participants who were 
administered 200 mg/day (43), female athletes at 1.8 g/day (44), patients exhibiting 
chronic hepatitis C virus (HCV) infection taking 1.8, 3.6 or 7.2 g/day (45–47), young 
children (12–36 months) ingesting 1 g/day for 9 months (48) and pregnant women 
administering 200 mg/day (49).

17.3  BIOLOGICAL PROPERTIES OF LACTOFERRIN

Both in vitro and in vivo studies (animal and human) reveal that Lf has a diversity of 
physiological properties all of which could potentially and significantly impact the devel-
opment of cancer and disease. This chapter will primarily focus on those properties that 
are likely to affect immunomodulation and the development of cancer. A brief overview 
of antimicrobial properties including antibacterial, antifungal, antiparasitic and antiviral 
activity is included, due to their potential impact on cancer development.

17.3.1  Immunomodulatory Activity
The first suggestion that Lf may play a part in the regulation of the immune system 

was in 1980, when a patient who suffered recurrent infections, was found to have nor-
mal Lf content in glandular secretions in contrast to a total absence in neutrophils (50). 
Supporting this hypothesis are in vivo studies using transgenic and knockout mice (51, 
52), and evidence of increased antimicrobial activity in mice (53) and immunomodula-
tion in humans after oral administration of bLf (43, 54).

Endogenous Lf belongs to the innate non-specific immune system; however, evi-
dence indicates that it may also contribute to acquired immunity and protect against the 
damaging effects of inflammation. As discussed earlier, it appears that oral bLf and its 
digested fragments act initially on the intestinal immune system and subsequently pro-
mote systemic immunity as a secondary effect (21). As a powerful modulator of inflam-
matory and immune responses, Lf supports protection against both microbial infections 
and inflammatory disorders (5, 55, 56). The modulating effects by Lf are related to its 
ability to interact with both specific cell receptors on a broad range of epithelial and 
immune cells (57), and pro-inflammatory bacterial components such as lipopolysac-
charide (LPS) (58, 59). This interaction gives protection against both the excesses of 
bacterial inflammation such as septic shock, and inflammatory diseases such as allergy, 
arthritis, chronic hepatitis, neurodegenerative disorders and cancer (60).

17.3.1.1  Immune Changes and Lactoferrin

At the molecular level, the modulatory properties of Lf involve iron binding, and interac-
tions with a multitude of compounds, either soluble or membrane bound such as lipopoly-
saccharide. At the cellular level, Lf modulates the migration, maturation, differentiation, 
activation, proliferation and function of immune cells. It is not clear how exactly Lf triggers 
signals in cells although a number of mechanisms have been postulated, which include the 
modulation of nuclear factor-kappa B (NF-kB) and MAP kinase signaling (55).

Many in vitro studies have indicated the ability of lactoferrin to activate and support 
the immune process. Lf has been shown to enhance the accumulation of neutrophils to 
sites of injury (61), promote cell-to-cell interaction by promoting “stickiness” (62), 
promote activation of, and phagocytosis by, polymorphonuclear leukocytes (PMNs) and 
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monocyte/macrophages (63, 64), promote motility and superoxide production (65), 
decrease the release of pro-inflammatory cytokines (discussed below), increase the 
number and activity of NK cells (66, 67) and support the maturation of lymphocytes 
(68). In vivo oral administration of bLf resulted in increased NK cell activity, and 
upregulation of CD4+ and CD8+ T-cells in tumor-bearing mice (69–71), and increased 
CD3+ and CD4+ T-cells in immunocompromised mice (72).

Clinical studies report increases in phagocytosis by, and differentiation of, lym-
phocytes (73) while data on CD4+ counts is inconsistent. One recent study on children 
with HIV reported mild increases (74), although most studies report no increases (73, 
75–77). Similarly, we recently reported no changes in lymphocyte subset numbers such 
as CD4+ after bLf supplementation in healthy males; however, there was a significant 
increase in total (CD3+), helper (CD4+) and cytotoxic (CD8+) T-cell activation (43), 
suggesting an immune regulatory role for Lf, dependent on the host’s immune status. 
Activation of CD4+ T-cells stimulates the production of plasma B cells, memory B cells 
and antibodies resulting in an increased surveillance and the tagging of bacteria and 
fungi as demonstrated in numerous in vivo studies (78–81). In addition, CD4+ activa-
tion enhances the function of macrophages, stimulating release of cytokines, both pro-
inflammatory and anti-inflammatory depending on the immune status (82). Further 
activation of CD4+ T-cells stimulates the production of cytotoxic CD8+ T-cells, which 
attack and destroy virus-invaded cells, cancer cells, intracellular bacteria, intracellular 
parasites and foreign cells as indicated by in vitro studies on the herpes simplex virus 
(83), hepatitis C virus (77) and experimentally induced cancers (84, 85).

17.3.1.2  Anti-inflammatory Activity of Lf

A variety of studies confirm the anti-inflammatory activity of Lf. In vivo studies have 
shown that oral Lf administration reduces gut mucosal injury caused by lipopolysac-
charide (LPS) (86), E. coli infection (78) and gastritis caused by Helicobacter (87). The 
protective effect is most likely due to a decreased production of pro-inflammatory 
cytokines such as IFN-g, TNF-a, IL-1b, IL-6 and granulocyte macrophage colony-
stimulating factor (GMCSF) (88–92), while enhancing anti-inflammatory cytokine 
production such as IL-10 (93, 94). In contrast some in vivo studies have revealed 
enhanced production of pro-inflammatory cytokines accompanying a decrease in anti-
inflammatory cytokines, suggesting a modulatory role of Lf. Some examples include 
(1) an increase in IFN-g and IL-12 after herpes simplex virus infection (24); (2) ex vivo 
upregulation of TNF-a and IFN-g accompanying a decrease in IL-5 and IL-10 upon 
stimulation with the exotoxin toxic shock syndrome toxin-1 (51); and (3) increased 
IL-12 production and reduced IL-10 production in HIV-infected children (73). Together 
these results indicate that Lf affects the Th1/Th2 cytokine balance in a manner depend-
ent on the host immune status. Thus, Lf can enhance Th1 cytokines in diseases requiring 
an increased ability to control infection or alternatively may reduce the Th1 cytokines 
to limit excessive inflammatory response (82).

One mechanism behind the ability of Lf to inhibit pro-inflammatory cytokines is its 
ability to neutralize pro-inflammatory molecules such as LPS (59). In vivo studies 
reveal that orally administered bLf protected against a lethal dose of LPS in rats and 
mice (78, 95). In addition, the intravenous administration of bLf 24 h pre-surgery eased 
thymectomy- and splenectomy-stimulated TNF-a and IL-6 production, suggesting that 
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lactoferrin may have therapeutic application in cases of clinically induced shock (96). 
Similarly, down-regulation of TNF-a, IL-1b and IL-6 and upregulation of  anti- 
inflammatory cytokines, in particular IL-4 and IL-10, was found after the oral adminis-
tration of bLf in rats with experimentally induced colitis (28), after induced human skin 
inflammation (97) and in stimulated arthritis in rats (98). In addition, a small clinical 
trial on healthy individuals showed that after supplementation with either 10 or 50 mg 
of lactoferrin per day, the ability of peripheral blood cells to spontaneously produce 
pro-inflammatory IL-6 and TNF-a was also significantly reduced (54).

17.3.1.3  Clinical Trials

A small number of clinical trials support the upregulation of the immune system by 
Lf. A study on healthy males (n  =  10) examined the effects of bLf on the activation of 
immune competent cells. After the oral administration of 2 g  bLf/day for 4 weeks, there 
was increased phagocytic activity of PMNs in three participants and of these, two co-
expressed increased CD16+ T cell counts. Superoxide production activity also increased 
in seven men after 2 weeks. An increase in the percentage of NK cells also appears 
probable as the percentage of CD11b+ and CD56+ in the T-cell population increased in 
four participants, and of these three also exhibited increased CD16+ counts (99). 
Another study investigated the immune effects of a commercially available nutritional 
product, Nutrifemme which contained bLf along with several other micronutrients. The 
oral administration of 40 mg bLf equivalent/day for 10 days in healthy participants 
(n  =  17) resulted in an increased percentage of lymphocytes and immature cell forms, 
accompanying a decreased percentage of neutrophils, eosinophils and monocytes; 
changes, however, depended on the initial blood status. Additionally, TNF-a levels 
decreased, while changes in IL-6 were not significant. All of these effects may be attrib-
uted to Lf; however, the potential contribution of antioxidants and other micronutrients 
in the product cannot be discounted (100).

In order to confirm these immune changes, the same group investigated the effects of 
bLf only, on immune parameters. The oral administration of either placebo, 2, 10 or 50 
mg of bLf daily, for 7 days in healthy participants (n  =  28) revealed a significant, 
though transient increase in the number of immature neutrophils, and a significant 
decrease in the spontaneous production of IL-6 and TNF-a by cultures of peripheral 
blood cells. Interestingly, the dosage with the most pronounced effect was 10 mg (54).

Kimber et al. (101), investigated the effects of bLf on cytokine-mediated immune 
response in the skin; specifically, the migration of epidermal Langerhans cells. Initially, 
a bLf-containing cream was topically applied followed by stimulation with an allergen. 
Results indicated a reduction in Langerhans cell migration with prior application of 
lactoferrin. In a second experiment, the bLf-containing cream was applied, followed by 
intradermal administration of TNF-a. Results, however, indicated no reduction in 
Langerhans cell migration with prior application of lactoferrin. Together these results 
provide indirect evidence that the inhibition of Langerhans cell migration by lactoferrin 
is secondary to compromised production of TNF-a. The authors concluded that a func-
tion of lactoferrin may be to modulate inflammatory reactions through the regulation of 
cytokine production (101).

Ishikado et al. (76) investigated the effects of liposomal Lf vs. non-liposomal Lf; 
liposomalization of insulin reportedly provided a more intensive hypoglycemic effect 
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than naked insulin via oral route (102). Initially, five healthy males orally  administered 
300 mg liposomal Lf/day for 7 days. Results indicated a significant increase of IFN-a 
in all participants, whilst NK cell activity was unchanged. In a second experiment, ten 
males orally administered 320 mg/day of either liposomal or non-liposomal Lf for  
4 weeks. Liposomal Lf significantly increased IFN-a production during the intake period 
while production from non-liposomal Lf remained unchanged. NK cell activity increased 
significantly in both groups after 1 week; however, this was restored to baseline levels at 
3 weeks post intake. The authors concluded that liposomal lactoferrin increases IFN-a 
production in contrast to the ineffectiveness of non-liposomal lactoferrin (76).

17.3.2  Anticancer Activity
Epidemiological evidence indicates that the risk of cancer may decline by reducing 

negative lifestyle factors and/or increasing exposure to chemopreventive agents, par-
ticularly for individuals at high risk of developing cancer (84). Since carcinogenic 
mechanisms are complex, agents possessing multiple mechanisms of action would be 
most promising. There are ten suggested mechanisms underlying chemopreventive 
potential, including the antioxidant, anti-inflammatory, immune-enhancing, anti-hor-
mone effects, modification of phase-1 drug-metabolizing enzymes, oncogene modifica-
tion, regulation of cell growth, regulation of cell differentiation, promotion of apoptosis, 
and inhibition of angiogenesis (84).

The first suggestion that Lf may possess anticancer activity was in 1995 when whey 
concentrate containing Lf was reported to deplete tumor cells of glutathione, rendering 
them more vulnerable to chemotherapy (103). Since then in vitro studies have revealed 
anticancer properties of Lf against a variety of cancer cell lines including breast (66, 
104), pancreatic (105), colon (71), and oral squamous cell (106). Mechanisms include 
increased NK cell cytotoxicity and the inhibition of cell growth and metastatic colony 
formation.

In addition, numerous in vivo studies support the use of bLf in the chemoprevention, 
treatment and metastasis of tumors of the colon, peritoneum, lung, esophagus, mouth 
and neck. Rats were orally administered 0.2 or 2% bLf for 36 weeks after treatment with 
the carcinogen azoxymethane. The incidence of large intestine adenocarcinomas was 
significantly decreased in both bLf groups compared to controls (107). Mice with sub-
cutaneous implants of highly metastatic colon carcinoma 26, were orally administered 
bLf, bLf hydrolysate and bLfcin. Both bLF and the bLF hydrolysate demonstrated a 
significant inhibition of lung metastatic colony formation while bLfcin displayed a 
tendency (71). Rats treated with carcinogens were then orally administered bLf. All 
major organs were examined for tumors. A reduction in tumors compared to controls 
was found in the esophagus and lung indicating a chemopreventive effect for bLf in 
these organs (108).

Additionally, orally administered rhLF has been shown to inhibit tumor growth. 
Mice with subcutaneous and intraperitoneal transplants of cancer cells which resulted 
in tumor formation and carcinomatous peritonitis, showed delayed the growth of tumors if 
treated with rhLf (105). Mice exhibiting both squamous cell carcinoma and fibrosarcoma 
of the floor of the mouth were administered  intra-tumoral injection of human and 
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murine recombinant Lf. Results revealed the growth  inhibition of ~50% compared with 
controls for both human and murine tumor cells in immunodeficient and immunocom-
petent mice. There was a more dramatic effect in immunocompetent mice suggesting 
immunomodulation as an important mechanism of action (109). Mice implanted with 
head and neck squamous cell carcinoma tumors were orally administered rhLf. Results 
revealed a tumor growth inhibition of 75% accompanying a 20-fold increase in lym-
phocytes within treated animals compared with controls. When mice were depleted of 
CD3+ cells, all rhLf-induced tumor inhibition was abrogated, again supporting an 
immunomodulatory  mechanism (88).

A recent interesting and significant study by Kanwar et al. (110) examined the 
effects of iron-saturated bLf on the augmentation of chemotherapy. Different forms 
and doses of bLf (apo-bLf: 4% iron-saturated (i-s); natural-bLf: 15%i-s; 50%i-s and 
100%i-s) were supplemented into the diet of mice that were subsequently challenged 
subcutaneously with tumor cells and treated with chemotherapy. Results showed that 
chemotherapy eradicated large lymphomas only in mice fed 100%i-s bLf for at least 2 
weeks prior to chemotherapy (ideally 6 weeks), but not in mice fed lesser saturated 
forms of bLf or control mice fed no bLf. While most of the study was performed with 
Lf at 28 g per 2.4 kg of diet, Lf was nevertheless effective in augmenting chemotherapy 
at the lowest dose tested (1 g per 2.4 kg of diet), which equates to a 70 kg person 
ingesting 3 g of Lf/day. In addition, 100%i-s bLf reduced angiogenesis, increased 
apoptosis and supported immunomodulation, by increasing production of both Th1 
(TNF-a, IFN-g and IL-18) and Th2 (IL-4, IL-5, IL-6, IL-10) cytokines, both of which 
are required for maximal anti-tumor vigilance. Significantly, 100%i-s bLf also restored 
both red and white blood cell numbers depleted by chemotherapy. The study concluded 
that 100%i-s bLf was a potent natural adjuvant supporting cancer chemotherapy, and 
may be a therapeutic option in humans to enhance the efficacy of chemotherapy, while 
simultaneously reducing its damaging side effects, including anemia and immune 
impairment (110).

However, the ability of orally administered Lf to exert a protective effect at sites 
distant from the gastrointestinal tract is poorly understood (111).

17.3.3  Evidence for Chemopreventive Potential
17.3.3.1  AntiOxidant Activity

Since oxidative stress is a critical pathophysiological mechanism in carcinogenesis 
(112), antioxidants should exhibit a potential protective role in the development of can-
cer. Lf has been shown to sequester free ferric ions, a function particularly evident at 
sites of inflammation and infection where free iron is likely to be present. Lf can there-
fore reduce free radical production, potentially acting as an antioxidant (113). Supporting 
this proposal, we recently reported a clinical study that revealed significantly increased 
serum antioxidant levels in healthy males who orally administered bLf supplements. We 
suggest that since Lf is not absorbed through the gut wall, the antioxidant increase is 
not due to its iron-sequestering ability but rather that digested fragments such as Lfcin, 
bind to gastro-epithelial cells and modulate intra-cellular antioxidant production (43). 
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Possibly only in the gastrointestinal tract does Lf act as an iron-sequestering antioxi-
dant, as revealed in in vitro studies (114, 115) in the GI tract.

17.3.3.2  Anti-Inflammatory Activity

It is estimated that chronic infections and resultant inflammation contribute to 
approximately one-third of the world’s cancer. For example, Hepatitis B and C viruses 
lead to chronic liver inflammation and cancer, Schistosoma japonicum causes colon 
cancer, S. haematobium causes bladder cancer, Helicobacter pylori may cause stomach 
cancer, and asbestos exposure leading to chronic inflammation is a significant risk fac-
tor for cancer of the lung (116). Inflammatory states appear to predispose to cancer 
development in any part of the body. The metabolic pathways switched on under these 
inflammatory conditions would appear to be natural targets for chemoprevention. As 
already discussed, Lf possesses potent modulatory properties in this regard, essentially 
reducing pro-inflammatory cytokines (IFN-g, TNF-a, IL-1b, IL-6) while upregulating 
anti-inflammatory cytokines (IL-10).

17.3.3.3  Immune Enhancing

As already discussed, Lf also possesses immune-modulating properties. In vivo stud-
ies on the oral administration of bLf in mice revealed increased levels of NK cells, 
CD4+ and CD8+ cells and IFNg+ cells, in both the mucosal layer of the small intestine 
and the peripheral cells (69–71). In addition, NK cell cytotoxicity is promoted both in 
vitro and in vivo (66, 117, 118). In humans CD3+, CD4+, and CD8+ T-cell activation 
has also been observed (43) as cited earlier.

17.3.3.4  Modification of Phase-1 Drug-Metabolizing Enzymes

In vivo studies indicate that the oral administration of both bLf and carcinogens to 
rodents results in decreased production of enzymes promoting carcinogenesis. In con-
trast Lf activated antioxidant- and carcinogen-detoxification enzyme activities, blocking 
cancer development (119, 120).

17.3.3.5  Regulation of Cell Differentiation

Lf downregulates cancer cell growth via cell cycle arrest at the G1/S transition. In 
vitro studies report arrested cell growth in a range of cell lines via a variety of pathways. 
These include breast cancer cell lines arresting in G1 via the MAPK pathway (121), 
head and neck cancer cells via the p27/cyclin E-dependent pathway (122), and HeLa 
cervical cell lines via the NF-kB pathway (123). In addition, Lf induces over-expression 
of the retinoblastoma protein, resulting in the arrest of cell growth in leukemia, lung and 
breast cancer cell lines (124). Similarly, the growth of transplanted tumors and the pre-
vention of metastasis in rodents were inhibited after the ingestion or injection of bLf 
and/or recombinant hLf (71, 117, 125).

17.3.3.6  Promotion of Apoptosis

Lf promotes apoptosis in cancer cells. One proposed mechanism involves activation 
of caspase-3 and caspase-8 which are central to a variety of apoptosis cascades. In vitro 
(126) and in vivo studies (127) reveal that Lf enhances procaspase-3 maturation. In 
addition, the activation of caspases 3 and 8 have been reported in in vivo studies (128, 
129). Importantly, it also appears that hLf can promote or inhibit apoptosis in a 
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 dose-dependent manner. In vitro studies reveal that high doses of hLf result in activation 
of caspases 3 and 8, leading to decreases in phosphorylated ERK1/2 and Bcl-2 and 
increased apoptosis. In contrast, low doses upregulate phosphorylated ERK1/2 and 
Bcl-2 protecting cells from apoptosis (130). Bovine Lf peptides, natural or synthetic, 
also promote apoptosis in both human leukemia and carcinoma cell lines through 
mechanisms including caspase-3 activation, G1 arrest and the production of reactive 
oxygen species triggering apoptosis (39, 131).

17.3.3.7  Inhibition of Angiogenesis

Orally administered bLf was found to inhibit angiogenesis in rats (132) and tumor-
induced angiogenesis in mice (133). In contrast, hLf promotes angiogenesis (134). 
Proposed mechanisms of bLf angiogenesis inhibition involve a reported enhancement 
of IL-18 production (67, 69, 70, 135). The ability of IL-18 to act as an anti-angiogenic 
compound is suggested to partly explain bLf inhibition of angiogenesis. In addition, 
increased levels of IL-18 are reported to elevate mucosal and systemic immune 
responses through cytokine production and the activation of NK cells (136). A complete 
understanding of this mechanism remains unknown. However, since Lf decreases pro-
inflammatory cytokines such as IL-6 and IL-1b which are potent angiogenic stimula-
tors, Lf action may partly involve the suppression of angiogenic cytokine production 
(137).

17.3.3.8  Antimicrobial Activity

In vitro studies reveal significant antimicrobial activity of Lf against a variety of 
bacteria, fungi, parasites and viruses. Lf appears highly antibacterial against a diverse 
range of bacteria, including E. coli, Klebsiella pneumoniae, S. aureus, and Streptococcus 
spp. (15), and utilizes a number of different antibacterial mechanisms including bacte-
riostatic, bactericidal, anti-invasive, anti-adhesive, and inhibition of bacterial biofilm 
development. In addition, in vitro studies report potent Lf activity against the fungi C. 
albicans (138) and Trichophyton (40) and the parasites Plasmodium falciparum (139), 
Giardia lamblia (140) and Toxoplasma gondii (141).

Lf also appears capable of inhibiting the replication of an extensive range of both 
naked and enveloped viruses including, but not limited to, human immunodeficiency 
virus (HIV) (142), hepatitis C virus (HCV) (143) and the herpes simplex virus (HSV) I 
(144)and II (145). Though the specific antiviral mechanisms of Lf are still unclear, a 
number of antiviral mechanisms have been proposed, and most studies conclude that 
both hLf and bLf affect the adsorption and internalization of a virus, preventing infec-
tion of the host cell, rather than inhibiting viral replication after the host has become 
infected (146–148).

Furthermore, both in vivo and clinical trials support the use of bLf as an effective 
adjunct in the treatment of a number of pathogenic bacteria, fungi, parasites and viruses 
(Table 17.1). Briefly these include the bacteria H. pylori, Group A Streptococci, 
Clostridium spp. and E. coli, the fungi C. albicans and Trichophyton spp. (tinea corporis 
and pedis) and the parasite G. lamblia. In addition, in vivo studies support the use of bLf 
as a useful adjunct in decreasing the severity of the influenza virus, HSV, and cytomega-
lovirus, and clinical trials support the use of bLf as an effective adjunct to standard drug 
therapy in the treatment of both HIV and HCV.
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Table 17.1 
Antimicrobial activity of orally administered bLf

Microbe Antimicrobial activity

Helicobacter pylori Increase in H. pylori eradication after concurrent 
administration of standard triple therapy (STT) with 
400 mg bLf compared with STT only (149–153); no 
significant difference in H. pylori eradication after 
oral administration of 400 mg bLf in two studies 
(154, 155)

Group A Streptococci (GAS) Decrease in numbers of intracellular GAS in tonsil 
specimens after 100 mg bLF gargles and eryth-
romycin, compared with only erythromycin for  
15 days preceding tonsillectomy (156)

Clostridium spp. Suppressed proliferation of Clostridium spp in the  
fecal microflora of mice (157) and dogs (158)

Escherichia coli Suppressed proliferation of E. coli in the fecal  
microflora of mice (159) and dogs (158)

Candida albicans Complete resolution of oral candidiasis in a HIV-infected 
patient after using a mouth wash containing bLf and 
lysozyme combined with an antifungal drug (160)

Trichophyton (tinea corporis, 
tinea pedis)

Supported improvement of skin lesions in guinea pigs 
after the peak of the symptoms of tinea corporis 
(40), and improved dermatological symptoms of 
tinea pedis (161)

Giardia A lower prevalence of colonisation with Giardia and 
better growth for young children after 1 g bLf/day 
(48)

Herpes simplex virus (HSV) Inhibition of the appearance of HSV-1 skin lesions in 
mice (24)

Cytomegalovirus (CMV) Protection of mice from death due to infection by 
CMV (162)

Human immunodeficiency  
virus (HIV)

Oral administration of 3 g/day bLf with anti-retroviral 
therapy in HIV-positive children, decreased viral 
load and increased CD4+ counts (74), whilst bLf 
alone supported immune modulation (73)

Hepatitis C virus (HCV) Reduction in the level of HCV, serum alanine 
transaminase (ALT) and HCV RNA concentrations 
in chronic hepatitis C (CHC) patients with low 
levels of HCV after 3.6 g/day (45), and HCV RNA 
concentrations in CHC patients with high levels of 
HCV (46, 47, 163). No virologic or biochemical 
response was observed after 600 mg/day (77), or  
1.8 g/day (75)

Influenza virus Attenuation of pneumonia in influenza virus-infected 
mice (164)
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17.4  CONCLUSIONS AND PERSPECTIvES

Lactoferrin, specifically oral administration of bovine lactoferrin supplements, 
appears to possess enormous potential as an excellent adjunct to standard therapy both 
in the treatment of cancer and disease resistance. Its extensive range of properties, 
including antibacterial, antifungi, antiparasitic, antiviral, antioxidant and the recently 
discovered immuno-modulatory properties, suggest that bLf and, in the future, recom-
binant human lactoferrin will be of vital importance as an emerging nutritional 
supplement.
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Key Points

Cancer chemotherapeutic agents derived from higher plants are used in Western •	
medicine.
Secondary metabolites from plants are used in oriental medicine are utilized in anti-•	
cancer therapy.
Immunomodulatory small organic molecules from plant species are employed in •	
Chinese traditional medicine are renewed.

Key Words: Higher plants, western medicine, oriental medicine, traditional chinese 
medicine, anticancer agents, immunomodulatory agents, secondary metabolites.

18.1  INTRODUCTION

Plant-derived cancer chemotherapeutic agents have been used in Western medicine for 
about 50 years as single chemical entities, and their number of clinical applications is 
continuing to increase. In recent years, there has been an effort to modernize traditional 
systems of medicine used in East Asian countries, by purifying, structurally character-
izing, and biologically testing the active principles of herbs used as anticancer drugs. 
Another approach toward treating cancer in oriental medicine is to use small-molecule 
immunomodulatory agents of plant origin in patient therapy. In this chapter, the authors 
provide updated information on antitumor agents from plants currently approved for use 
in the United States, and provide a comparison with analogous agents utilized in East 
Asia. A summary is provided on compounds with immunomodulatory effects from 
selected plants used in Traditional Chinese Medicine (TCM). The  small-molecule 
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 plant-derived natural products discussed in this chapter are of diverse structural types, 
and many additional examples of such compounds with antitumor and  immunomodulatory 
activity may be expected to be elucidated in the years to come.

18.2  ANTICANCER AGENTS IN WESTERN MEDICINE

Natural products have played an important role in anticancer drug development for 
many decades. A recent review analyzing clinically approved anticancer drugs in 
North America, Europe, and Japan during the 25 year period from 1981 to 2006 
showed that under the class of “non-biologicals/vaccines”, 63 of 81 (77.8%) antican-
cer drugs were either natural products or their derivatives, or synthesized molecules 
based on natural product pharmacophores (1). Currently, there are about ten approved 
plant-derived anticancer drugs used clinically in the United States, which are classi-
fied into four groups: the podophyllotoxin derivatives, the vinca alkaloids, the camp-
tothecin derivatives, and the taxanes (1, 2). The importance of plant natural products 
and derivatives in cancer therapy can be demonstrated by their overall major market 
share. For example, in the year 2002, derivatives of paclitaxel and camptothecin rep-
resented nearly one-third of all anticancer agents available in terms of sales volume 
(3). The history, structures (Fig. 18.1), applications, and mechanisms of action of 
these drugs as used in western medicine will be discussed briefly in the following 
paragraphs.

Podophyllotoxin (1) is a lignan first isolated by Podwyssotzki in 1880 from 
Podophyllum peltatum L. (Berberidaceae), a plant commonly known as American 
mayapple or mandrake, but it was structurally characterized much later, in 1951 (4). An 
impure extractive from P. peltatum, commonly known as “podophyllin”, has been used 
topically in the treatment of genital warts and hairy leukoplakia. Mayapple extract was 
listed in the first edition of the U.S. Pharmacopoeia in 1820, but was withdrawn in 1840 
due to its associated toxicity. The plant regained the interest of the pharmaceutical indus-
try when a therapeutic effect for condylomata acuminata was demonstrated in the 1940s 
(5). Presently, plant extracts containing arylnaphthalene-type lignans are prepared from 
P. peltatum and a second species, Podophyllum hexandrum Royle. The latter species is 
known as “Indian mayapple” or “Himalayan mayapple”, with a higher content of lignans 
than the American mayapple. Two drugs derived from the parent lignan, podophyllotoxin 
(1), namely, SP-G (Proresid oral®), the condensation product of P. peltatum glucoside 
fraction with benzaldehyde, and SP-I (Proresid i.v.®), podophyllinic acid ethyl hydrazide, 
were first commercialized in 1963 for the treatment of systematic cancers by Sandoz 
Pharma A.G. (Basel, Switzerland) (6). Further studies of SP-G by Sandoz in the 1960s 
led to the development of etoposide (2, VePesid®) and teniposide (3, Vumon®), which 
were produced by condensation with acetaldehyde and thiophene, respectively. Even 
though Sandoz had commercialized both drugs in certain countries, etoposide and teni-
poside were licensed to Bristol-Myers in 1978 for commercialization in the U.S. market. 
Etoposide (Vepesid®, VP-16®) was first approved in 1983 by the United States Food and 
Drug Administration (FDA) for the treatment of refractory testicular tumors, and then in 
1996 for small-cell lung cancer (SCLC) therapy. The etoposide phosphate salt, etopo-
phos (4, Eposin®, Etopophos®) was developed as a prodrug to resolve the water solubility 
limitation encountered in drug formulation and administration of etoposide. Studies have 
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Fig. 18.1. Structures of plant-derived anticancer agents used in western medicine and some derivatives.

shown that etoposide phosphate salt is less toxic and more active than etoposide, with 
increased bioavailability to over 50%, from only 0.04% for the parent compound. The 
FDA approved the intravenous use of etopophos for SCLC in 1996 (7). Teniposide was 
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approved by the FDA in 1992 for the treatment of childhood acute lymphoblastic 
leukemia. In contrast to the mechanism of action of podophyllotoxin, which binds to 
tubulin and inhibits the assembly of microtubules to form mitotic spindles in mitosis, 
etoposide and teniposide are topoisomerase II inhibitors. They stabilize the covalent 
DNA-enzyme cleavable complex, and induce topoisomerase II-mediated DNA breakage, 
leading to arrest of the cell cycle in the metaphase (8).

Vinblastine (5, VLB, formerly known as vincaleukoblastine) and vincristine (6, VCR, 
formerly known as leurocristine) are bis-indole alkaloids found in the plant Catharanthus 
roseus (L.) G. Don (Apocynaceae), previously classified taxonomically as Vinca rosea 
L. This plant is cultivated as an ornamental, under the common names, “Madagascar 
periwinkle” and “rosy periwinkle”. The first vinca alkaloid, vinblastine, was isolated 
independently by Beer and colleagues at the University of Western Ontario and by 
researchers at Eli Lilly Co. in Indianapolis, in the late 1950s. Vincristine was isolated 
later by Svoboda and colleagues (9). Vincristine (Oncovin®) and vinblastine (Velban®) 
were approved by the United States Food and Drug Administration (U.S. FDA) in 1963 
and 1965, respectively. Clinically, vinblastine is used mainly to treat Hodgkin’s disease 
and vincristine is employed for the treatment of non-Hodgkin’s lymphoma, Hodgkin’s 
lymphoma, acute lymphoblastic leukemia, and nephroblastoma. Vindesine (7, Eldisine®) 
is a semisynthetic drug derived from vinblastine, approved for clinical use in France, the 
UK, and several other countries, but not in the USA. The drug is utilized clinically for 
the treatment of several different types of cancer, including acute lymphocytic leukemia, 
breast cancer, chronic myelocytic leukemia, colorectal cancer, non-SCLC, and renal cell 
cancer (10). Vinorelbine (8, Navelbine®) is a semisynthetic anhydro derivative of 8¢-nor-
vinblastine, obtained from anhydrovinblastine. The drug was first approved to treat 
bronchial cancer in France in 1989, and was later approved for the therapy of non-SCLC 
in 1991. In Europe, vinorelbine is also approved for breast cancer and prostate cancer 
treatment. Vinorelbine received approval from the U.S. FDA in 1994 for the treatment of 
advanced non-SCLC (11). The vinca alkaloids bind to the microtubulin “vinca domain” 
site in the b-subunit, and interrupt the formation of microtubules in the metaphase during 
mitosis, leading to the apoptosis of cancer cells (12).

Camptothecin (9) is a quinoline alkaloid isolated from the bark and stems of 
Camptotheca acuminata Decne (Cornaceae; formerly Nyssaceae), a tree native to main-
land China that was introduced to the USA in 1911 as an ornamental. Camptothecin was 
discovered in the mid-1960s by Monroe E. Wall and Mansukh C. Wani, in a systematic 
screening of anticancer natural products carried out at the Research Triangle Institute in 
North Carolina, with support from the U.S. National Cancer Institute (NCI), Bethesda, 
MD (13, 14). Although a Phase II study of camptothecin sodium salt in treating gas-
trointestinal cancer was suspended in 1972 due to poor efficacy and toxic side effects, 
interest in camptothecin was regained after its unique mechanism of action was eluci-
dated (3). Studies have shown that camptothecin arrests the cell cycle at the S-phase by 
binding to topoisomerase I, leading to the inhibition of DNA replication and transcrip-
tion (15, 16). Among numerous semisynthetic camptothecin derivatives aimed at 
improving the solubility and efficacy of the parent compound, as well as decreasing its 
side effects, two analogs, topotecan (10, Hycamtin®, GlaxoSmithKline) and irinotecan 
(11, Camptosar®, Pfizer), have been launched successfully onto the cancer  chemotherapy 
market. The substitution of a N,N-dimethylaminomethyl group at the C-9 position and 
the insertion of a hydroxy group at the C-10 position as in topotecan  significantly 
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increases water solubility and bioavailability, when compared to camptothecin. 
Topotecan was approved by the FDA for treating ovarian cancer in 1996, for the therapy 
of stage IVB recurrent or persistent cervical carcinoma in 2006, and also for relapsed 
SCLC in 2007. This is the only oral single-agent cancer chemotherapic approved to 
manage SCLC after the failure of first-line therapy. Irinotecan is a prodrug of the 
7-ethyl-10-hydroxycamptothecin analog, SN-38 (12), with the substitution of a bis-
piperidine functionality at the C-10 position. The drug was developed initially in Japan 
by Yakult Pharmaceutical Industries. In the human body, the prodrug irinotecan is 
hydrolyzed by liver carboxylesterases into a metabolite, SN-38 (17). Irinotecan was 
approved by the FDA in 1996 for the treatment of metastatic colorectal cancer, in com-
bination with 5-fluorouracil and leucovorin (5-FU/LV).

Paclitaxel (13) is a nitrogen-containing diterpenoid discovered from the bark of the 
Pacific yew tree, Taxus brevifolia Nutt. (Taxaceae), and was reported structurally in 
1971 by Wall and Wani (Research Triangle Institute) and Andrew McPhail (Duke 
University), in a study sponsored by NCI. The compound was originally given the 
trivial name “taxol”, but its generic name was adopted as “paclitaxel” when Bristol-
Myers Squibb (B-MS) acquired the trade-marked name “Taxol” from a French com-
pany, who had used the name for an unrelated laxative product several years earlier (18). 
Paclitaxel was approved in 1992 by the FDA for the treatment of patients with refrac-
tory metastatic carcinoma of the ovary after the failure of first-line or subsequent 
chemotherapy. The drug is currently used to treat patients with lung, ovarian, breast, and 
head and neck cancer, and advanced forms of Kaposi’s sarcoma. With the rapid applica-
tion of the drug in the early 1990s, the increasing clinical demands for paclitaxel pre-
sented a strain on the resources of the Pacific yew tree, for which extraction of the bark 
was the only commercial production method of the drug at the time. This costly and 
environmentally challenging method was replaced by a semisynthetic process using 
10-deacetylbaccatin III (14), which is found abundantly in the leaves of a European yew 
tree, Taxus baccata L., a renewable resource. Presently, paclitaxel is also produced com-
mercially by B-MS by plant tissue culture on a large scale (19). Abraxane® is an albu-
min-covered paclitaxel injectable suspension, using “nanoparticle albumin bound” 
(nab™) technology to facilitate drug delivery. Abraxane was approved by the FDA in 
2005 for the treatment of breast cancer. Docetaxel (15, Taxotere®) is a semisynthetic 
paclitaxel analog produced from 10-deacetylbaccatin III, where a N-tert-butoxycarbonyl 
group is substituted for the N-benzoyl group in the side chain of 13 and the C-10 
hydroxy group is free. Docetaxel was approved in 1996 by the FDA, and is presently 
used for the treatment of breast, non-small cell lung, gastric, prostate, as well as head 
and neck cancers (20). In contrast to the mechanism of action of vinca alkaloids, which 
disrupt the assembly of microtubules in mitosis, paclitaxel and docetaxel stabilize 
microtubules by binding to the taxane site, and, as a result, interfere with the normal 
breakdown of microtubules during cell division (19).

18.3  ANTICANCER AGENTS IN ORIENTAL MEDICINE

The value of medicinal plants for healing has been established for at least 2,000 years 
in oriental medicine (21). In particular, the species used in TCM are representative of a 
valuable resource in the search for new anticancer drugs employing modern scientific 
methods. Thorough pharmacological and clinical experimentation on plants and their 
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constituents used in traditional medicine is progressing in order to establish effective-
ness and safety (22, 23). A summary of some important oriental medicinal plant-derived 
anticancer agents and their modified forms is provided in the paragraphs below, and 
their structures are shown in Fig. 18.2.

Fig. 18.2. Structures of anticancer agents used in oriental medicine and some derivatives.
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Camptothecin (9) is a quinoline-based alkaloid mentioned earlier in this chapter. The 
plant of origin, C. acuminata is distributed only in Tibet and western mainland China, but 
9 was also reported to be produced by other plants such as Ervatamia heyneana Cooke 
(Apocynaceae) (24), Merrilliodendron megacarpum (Hemsl.) Sleumer (Icacinaceae) (25), 
Nothapodytes foetida (Wight) Sleumer (Icacinaceae) (24), Ophiorrhiza mungos L. 
(Rubiaceae) (24), and Pyrenacantha klaineana Pierre ex Exell & Mendonça (Icacinaceae) 
(26). The development of novel analogs that optimize and exploit important structural 
features and expand the therapeutic potential of camptothecin, is being carried out. A new 
semisynthetic camptothecin analog currently under evaluation, belotecan (16, Camtobell®, 
Chong Keun Dang) with the structure 7-[2-{(1-methylethyl)amino}ethyl]camptothecin, is 
presently in phase III clinical trials for SCLC in South Korea (27). 10-Hydroxycamptothecin 
(17, HCPT) is undergoing clinical studies for non-small cell lung and advanced gastric 
cancers in the People’s Republic China (28, 29).

Homoharringtonine (18, Omacetaxine®, ChemGenex Pharmaceuticals) and related 
compounds were discovered from coniferous Cephalotaxus species indigenous to east-
ern Asia (30, 31). A mixture of compound 18 and harringtonine (19) has been used for 
the treatment of acute myeloid leukemia (AML) clinically in mainland China, since 
1974 (32). However, compound 18 has remained as the most promising antileukemic 
agent of its structural class, showing in vivo effects on L1210 leukemia cells implanted 
in mice in the dose range of 0.5 to 4.0 mg/kg (i.p.) as well as on murine leukemia P388 
cells resistant to vincristine, adriamycin, and 1-b-d-arabinofuranosylcytosine, given i.p. 
at 1.3 mg/kg/day (33), and in a RPMI8226 myeloma xenograft model (i.p., 3 and 15 mg/
kg) (34). Many other structurally related alkaloids have been isolated from the genus 
Cephalotaxus and numerous semisynthetic derivatives have been prepared. However, 
research on 18 has predominated since its content in the plant of origin and activity are 
much higher than those of the related alkaloids. It is interesting to note that a phase I 
trial using the purified alkaloid 18 was performed in the U.S. on patients with advanced 
solid tumors and leukemias (35). Compound 18 has been investigated also in phase II/
III clinical trials against chronic myelogenous leukemia (CML), supported by the U.S. 
NCI and ChemGenex Pharmaceuticals, Geelong, Australia (36).

Since the 1960’s, “Danggui Longhui Wan”, a mixed product containing 11 ingredi-
ents, has been used in TCM for CML (37). The antileukemic activity was found to be 
associated with one component, Indigo Naturalis (Qing Dai), which is a dark-blue pow-
der from the leaves or leaves and stems of Baphicacanthus cusia (Nees) Bremek. 
(Acanthaceae), the leaves of Indigofera suffruticosa Mill. (Fabaceae), the leaves or roots 
of Isatis tinctoria L. (Brassicaceae), or the leaves of Polygonum tinctorium Ait. 
(Polygonaceae) (38). Of the chemical constituents of Indigo Naturalis, a blue dye, indigo 
(20) and a red-colored isomer, indirubin (21) were found, but the antileukemic activity 
was attributed to indirubin, which has been reported to have in vivo effects in rat carci-
nosarcoma W256 and mouse leukemia L7212 models that were given 200 mg/kg/day 
(i.p.) (39), and this compound exhibits cyclin-dependent kinase (CDK) inhibitory poten-
tial and broad-spectrum antitumor activity (40). However, several derivatives have been 
designed and synthesized to produce new agents with an indirubin-like structure but 
showing better efficacy and lower toxicity, since 21 shows poor solubility in water and 
has exhibited side effects such as gastrointestinal toxicity (41). Among them, meisoin-
digo (22), N-methylisoindigotin, has been reported to significantly inhibit tumor growth 
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in HT-29 colon cancer xenografts at a dose of 100 mg/kg (i.p.) (42). This compound has 
been investigated in the People’s Republic of China in phase II clinical studies in about 
400 cases of CML, at a dose of 75–150 mg/mouse/day, administrated i.p. (43).

Salvicine (23) is a diterpenoid quinone obtained by the structural modification of a 
natural product lead, saprorthoquinone (24), isolated from the Chinese herb Salvia prio-
nitis Hance (Lamiaceae). An in vivo effect of 23 was found in four subcutaneously trans-
planted tumor murine models, S-180 sarcoma, Lewis lung, A-549 lung, and LAX-83 
lung adenocarcinoma xenografts, in a dose range of 7.5–30 mg/kg (i.p.) (44). A mecha-
nism of action study on 23 has shown that it inhibits topoisomerase II (45). More 
recently, compound 23 has been found to have antimetastatic activity as shown in a 
human breast cancer MDA-MB-435 orthotopic xenograft system at doses of 6, 12, and 
24 mg/kg (i.p.) (46). Salvicine has been in phase II clinical trials for cancer therapy in 
mainland China and is a promising multi-drug resistant tumor treatment candidate (47).

Rabdosia species (Lamiaceae) are used in TCM as antitumor and anti-inflammatory 
agents. ent-Kaurane diterpenoids such as oridonin (25) and ponicidin (26) have been 
found to be the cytotoxic principles of Rabdosia rubescens (Hemsl.) Hara (48). 
Compound 25 was reported to be active in vivo against Ehrlich ascites carcinoma in 
mice at doses of 20 and 30 mg/kg (i.p.) (49). The in vivo efficacy of 25 in AML has 
been found in C57 mice bearing AEtr-expressing leukemic cells at doses of 7.5 and 15 
mg/kg (i.p.) (50). In an investigation of the antiproliferative effect of 25 against HT29 
human colorectal carcinoma cells implanted in vivo, the inhibition of these solid tumors 
was observed at 10, 15, and 20 mg/kg/day (i.p.) (51). Compounds 25 and 26 have been 
tested in clinical trials for the treatment of esophageal cancer in mainland China (52). 
PC-SPES, an eight-herb formulation, including R. rubescens, has been evaluated for the 
treatment of prostate cancer and significantly decreased serum prostate specific antigen 
(PAS) of patients (53). Oridonin (25) and ponicidin (26), two constituents of PC-SPES, 
were considered responsible for its perceived antiangiogenic activity (54).

Irisquinone A (27), 2-(cis-10-heptadecenyl)-6-methoxy-p-benzoquinone, was iso-
lated from the seeds of Iris lactea Pall. var. chinensis (Fisch.) Koidz (Iridaceae), which 
has been used in Chinese folk medicine as a fertility-regulating agent and for the treat-
ment of malignant diseases (55). This compound was found to be antitumorigenic 
against lymphosarcoma, cervical cancer U

14
, as well as hepatic and Ehrlich carcinoma 

in murine experimental systems, with 50% inhibition at 25.4 mg/kg (i.p.) and 2.8 g/kg 
(p.o.) (56). The radiosensitizing effects of 27 were also found against Ma 7373 breast 
cancer cells implanted in mice and human intestinal mucoadenocarcinoma cells in nude 
mice. The mechanism of action of 27 is considered to be the inhibition of oxygen con-
sumption and deletion of glutathione in tumor cells (57). Recently, compound 27 has 
been found to inhibit metastasis on H22 lung cancer cell-bearing mice, improving 
immune function and reducing the expression of VEGF and MVD in the tumors (58).

Honokiol (28) is an active compound purified from various species of the genus 
Magnolia used in the traditional Chinese and Japanese systems of medicine. Compound 
28 inhibited tumor growth and/or prolonged the life span in numerous in vivo models. 
The administration of 28 (3 mg/mouse/day i.p.) to SVR angiosarcoma-bearing mice 
resulted in the inhibition of tumor growth (59). The combination of 28 (100 mg/kg i.p.) 
and low-dose docetaxel (5 mg/kg i.p.) was shown to inhibit potently prostate cancer 
growth and bone metastasis in mouse bone bearing C4-2 prostate tumor xenografts (60). 
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In a study of the in vivo activity of 28 against human breast cancer, the administration 
of this compound (100 mg/kg) led to the inhibition of MDA-MB-231 breast cancer 
tumor growth in nude mice (61). In SKOV3 ovarian cancer tumor-bearing mice treated 
with 1 mg liposome-encapsuled honokiol (40%) (i.p.), microvessel density and tumor 
volumes were decreased (62). Recently, liposomal honokiol has been reported to exhibit 
its therapeutic effect by inhibiting tumor growth in the A549 lung cancer xenograft 
model (25 mg/kg/day i.p.) (63) and by inhibiting lymphangiogenesis and metastasis via 
a vascular endothelial growth factor receptor-3 (VEGFR-3) pathway in a VEGF-D 
Lewis lung carcinoma cell xenograft model (12.5–50 mg/kg/day i.p.) (64). In terms of 
the preclinical efficacy of 28, the induction of caspase-dependent or -independent apop-
tosis in B-cell chronic lymphocytic leukemia (B-CLL) cells from patients (65) and 
multiple myeloma cells from patients with relapsed refractory multiple myeloma (66) 
were observed.

Lycobetaine (29, ungeramin, AT-1840) is a phenanthridine alkaloid partially synthe-
sized from lycorine (30), a major constituent of plants in the family Amaryllidaceae 
from mainland China, such as Lycoris radiata Herb. (67). Compound 29 has exhibited 
inhibitory effects on mice and rats inoculated with Ehrlich ascites carcinoma, ascites 
hepatoma, leukemia L-1210, leukemia P-388, Lewis lung carcinoma, or Yoshida ascites 
sarcoma, at a dose of 72 mg/kg (i.p.) (68). In an examination of the interaction of lyco-
betaine with DNA, it interacted by intercalation, preferentially on G-C base pairs, but 
did not bind to DNA covalently and did not cause DNA alkylation (69, 70). The calcu-
lated interaction energy of 29 with a double-stranded polynucleotide was correlated 
with its anticancer potency (71). Recently, compound 29 was found to inhibit tumor 
growth in GXF251 xenografts at a dose of 480 mg/kg (i.p.), and acts as a selective 
topoisomerase IIb poison (72). In clinical trials in the People’s Republic of China, lyco-
betaine was effective for patients with ovarian and gastric carcinomas (73).

18.4  IMMUNOMODULATORY AGENTS IN TCM

Immunomodulators include immunosuppressants and immunostimulants, and may be 
used as agents to treat immune-mediated diseases. Immunosuppressants suppress the 
immune system to protect transplanted organs or to treat immunological diseases, such  
as rheumatic arthritis, systemic lupus erythematosus, hepatitis, and cancer (74). 
Immunostimulants may be either specific and nonspecific in their action. Specific immu-
nostimulants provide antigenic specificity, and nonspecific immunostimulants act irre-
spective of antigenic specificity. The nonspecific immune response fights against the 
effects of microbial pathogens by increasing the secretion of cytokines or by the activation 
of B- or T-lymphocytes, and the nonspecific immunostimulants are used widely to treat 
chronic infections, immunodeficiency, autoimmunity, and neoplastic diseases (75–78).

Chinese herbs have been used to treat immune-mediated disorders for thousands of 
years. Shen Nong is widely regarded as the father of TCM, who investigated hundreds 
of Chinese herbs and recorded their effects around 4,000 years ago. Up to the present 
time, around 40 medicinal herbs have been used clinically as immunomodulators in TCM 
(79). These herbs are processed into different preparations to be used as immunomodula-
tors either directly to treat human diseases, or to serve as adjuvants for therapeutic 
 purposes. The seven such plants most frequently encountered for  immunomodulation, 
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including for each their name, active constituent(s) and structure(s) (Fig. 18.3), organism 
of origin, biological effects, and mechanism of action, are described briefly in the para-
graphs below.

Fig. 18.3. Structures of immunomodulatory agents used in Traditional Chinese Medicine (TCM).
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Panax ginseng C.A. Mey. (Araliaceae), is a perennial herb and popular herbal 
medicine used to treat cardiovascular and immune-mediated disorders (80). After 
being grown for more than 5 years, P. ginseng is harvested in September and October. 
The aerial parts and hairy roots are removed, and the remaining roots are usually 
pretreated by steaming, boiling, or dipping in a saturated sugar solution before use. 
The total extract of P. ginseng modulates peripheral blood mononuclear cells (PBMC) 
and results in an elevated IL-12 production, thus inducing a stronger T helper 1 (Th1) 
cell response to protect other cells against infection (81). This plant product also 
modulates pro-inflammatory cytokine production by increasing macrophage toll-like 
receptor 4 expression (82). Bioactivity-guided identification has shown that the etha-
nol-water extract of P. ginseng roots significantly inhibited the transcription and 
secretion of CXCL-10 cells following TNF-a stimulation (83), and it targets different 
levels of TNF-a to exhibit an anti-inflammatory property (80, 84). The main active 
components have been identified as ginsenosides, primarily ginsenosides Rb1 (31) 
and Rg1 (32) (83).

Tripterygium wilfordii Hook.f. (Celastraceae), known as “Thunder God Vine”, is a 
perennial woody vine and a product prepared from the water-soluble extract of the 
roots of this plant is one of the most commonly recognized and prescribed antirheu-
matic drugs in the People’s Republic of China. Triptolide (33) and its analogs are the 
main active principles with antirheumatic effects from T. wilfordii roots (85–87). 
Triptolide inhibits the expression of IL-18 and its receptor to exhibit immunomodula-
tory activity (87).

Schisandra chinensis K. Koch (Schisandraceae), is a small woody shrub. The fruits 
of this plant afford a widely prescribed antihepatitis injection used in mainland China 
(80). This water-soluble extract of S. chinensis fruits can activate the xenobiotic orphan 
nuclear receptor, the pregnane X receptor (PXR), and induce detoxifying enzymes (88). 
This extract also decreases malondialdehyde concentrations in the serum, and elevates 
glutathione reductase activity to improve antibody titers against Newcastle disease virus 
and lymphocyte proliferation in broilers (89). Schisandrin C (34) and related com-
pounds are the main active constituents of S. chinensis fruits. The anti-inflammatory 
properties of the schisandrins result from the inhibition of nitric oxide (NO) production, 
prostaglandin E

2
 (PGE

2
) release, and cyclooxygenase-2 (COX-2) and inducible nitric 

oxide synthase (iNOS) expression (90).
Ginger, the rhizomes of Zingiber officinale Roscoe (Zingiberaceae), originates from 

Asia, and is now consumed as a food and dietary supplement worldwide. This species 
has a long history of use to treat rheumatoid arthritis and other diseases (80, 91). 
6-Gingerol (35) and its analogs are the main pungent principles of Z. officinale rhi-
zomes, and suppress NO production in murine macrophages by partially inhibiting 
iNOS enzymatic activity and reducing iNOS protein production (92).

Glycyrrhiza uralensis Fisch. ex DC. (Leguminosae), a perennial herb and a herbal 
medicine used to treat infections and immune-mediated disorders, is prepared from this 
plant and other two species in the same genus, Glycyrrhiza inflata Batalin and 
Glycyrrhiza glabra L. (80). A preparation from G. uralensis roots and rhizomes is 
 utilized to treat coughs in mainland China, with glycyrrhizin (36) and its analogs 
 considered as the active components (80). These triterpene saponins enhance Con  
A-, LPS-, and OVA-induced splenocyte proliferation in OVA-immunized mice, and they 
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also augment OVA-specific IgG, IgG1, and IgG2b antibody titers in the serum (93). 
Furthermore, they inhibit nitric oxide production by downregulating iNOS, and 
 modulate COX-2 expression in LPS-stimulated RAW264.7 macrophages, at both the 
mRNA and protein level (94).

Acanthopanax senticosus Harms (Araliaceae) is a small woody shrub, and a prod-
uct is used to treat immune-mediated diseases. This is prepared from the water-soluble 
extract of the roots of this plant (80). This product is an imunomodulator, of which 
the major components are polysaccharides and eleutheroside I (37) and its analogs 
(80). An eleutheroside-containing extract including mainly eleutherosides B and D 
was reported to show cytostatic activity in a mice in vivo model (i.p. 18 mg/day), 
inducing the production of interleukin-2 and g-interferon, and stimulating macro-
phagal T-cell and B-cell immunity (95). The polysaccharides of A. senticosus are 
known to inhibit transplanted tumor growth and suppress human TB propagation in 
experimental animals (97).

Gynostemma pentaphylla (Thunb.) Makino (Cucurbitaceae), a vine, and a popular 
herbal remedy used to treat immune-mediated diseases, is prepared from this plant (80). 
This plant is harvested from 10 cm above the ground, twice a year in June and 
November, cleaned, and dried. The main immunomodulatory components of G. penta-
phylla are triterpene saponins, including gypenoside TN I (38) (80). These triterpene 
saponins enhance Con A-, LPS- and OVA-induced splenocyte proliferation in OVA-
immunized mice, and enhance OVA-specific IgG, IgG1, and IgG2b antibody levels in 
the serum (97).

18.5 CONCLUSIONS AND PERSPECTIVES

Not only herbal remedies but also some pure phytochemicals are used as immu-
nomodulators in TCM. For example, tetrandrine (39), a bisbenzylisoquinoline alka-
loid isolated from Stephania tetrandra S. Moore (Menispermaceae), is one of the 
most widely prescribed antirheumatic drugs (74), which downregulates the secretion 
of Th1 and Th2 cytokines and NF-kB DNA-binding, inhibits MAP kinase and NF-kB 
transcription, and blocks IkBa degradation through the inhibition of IKKa and IKKb 
(74). Artimisinin (40), an antimalarial drug discovered from Artemisia annua L. 
(Asteraceae), has been utilized recently to treat cancer for its immunosuppressive 
activity by the inhibition of the calmodulin-mediated activation of phosphodiesterase 
(98). Astilbin (41), a compound derived from the rhizomes of Smilax glabra Roxb. 
(Smilacaceae), inhibits delayed-type hypersensitivity by upregulating IL-10 (99). 
Epigallocatechin gallate (42), a major flavonoid from Camellia sinensis Kuntze. 
(Theaceae) (green tea), inhibits T cell-mediated inflammation by binding to CD11b 
in CD8+ T cells and by activating caspases in monocytes to induce apoptosis (99). 
3,4-Dihydropsoralen (43), a dihydrocoumarin constituent of Psoralea corylifolia L. 
(Leguminosae), is an immunomodulator with the lymphocyte potassium channel Kvl 
3 being a molecular target (100).

Herbal remedies and their active constituents play a key role in the management of 
immunological diseases. Further study of the human immune system in the context of 
drug discovery should provide additional novel drug candidates to help resolve human 
health problems including cancer.
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19 The Immunological Modulation  
of Fuzheng TCM Herbs  
in Cancer Treatment

Hongsheng Lin, Jie Li, and Ying Zhang

Key Points

Reinforcing healthy Qi and replenishing archaeus is an important principle of immu-•	
noregulation therapy in cancer treatment by TCM.
Immune regulation of single Chinese herbs of cancer patients is discussed.•	
The immunomodulatory effects of FZ Chinese Patent Medicines in cancer treatment •	
is included.
The immunomodulatory effects of other TCM compound prescriptions are also •	
included.

Key Words: Traditional Chinese Medicine (TCM), immune regulation, cancer.

19.1 IntroductIon

Traditional Chinese Medicine (TCM) is the important feature of cancer treatment in 
China. Especially in the last 10 years, the effect of TCM in cancer treatment has been 
of high concern and has been accepted by experts and patients internal and overseas. On 
the basis of the review of the clinical practices and basic researches these years, it has 
been found that immunoregulation is the most remarkable advantage and characteristic 
of TCM in cancer treatment, especially Fuzheng (FZ) TCM medicines (the function of 
this medicine is Reinforcing healthy Qi and replenishing archaeus). The body’s immune 
function is concerned with the occurrence and development of tumor; therefore, it is the 
key research point in recent years. From the widely used immune function index 
T-lymphocyte subpopulation and NK cells to recently research hotspot dentritic cells 
(DC), regulatory T cell (Treg cells), Th17 cells as well as the latest index myeloid-
derived suppressor cells (MDSC) in the 2 years, the progressions not only establish the 
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recognition of the relationship between cancer and immune function, but also add some 
new scientific meaning to the immunoregulation effect of TCM in cancer treatment.

19.2  rEInForcInG HEALtHY QI And rEPLEnISHInG ArcHAEuS 
IS An IMPortAnt PrIncIPLE oF IMMunorEGuLAtIon 
tHErAPY In cAncEr trEAtMEnt BY tcM

In TCM, the occurrence of tumor is concerned with weakness, poison and blood 
stasis, Accordingly, there are therapeutic principles and methods like invigorating 
spleen and replenishing Qi, activating blood and resolving stasis, cleaning heat and 
removing toxin, among others. It has been proved by a number of clinical practices that 
reinforcing healthy Qi and replenishing archaeus is the vital principle of cancer therapy 
and can be applied in the whole treatment process, the main mechanism is through 
immunoregulation effect on tumor-bearing body.

Different from the western medicine therapies like operation, radiotherapy, and 
chemotherapy, TCM is based on the holism and treats cancer by methods like tonifying 
Qi, blood, yin and yang of the Zangfu, and adjusting the imbalance of the body, thereby 
reestablishing harmony, improving constitution condition and disease resistance of 
patients. The feature of TCM is not to clear the tumor directly but improve the life qual-
ity and extend the survival time with premise of tumor stabile. The principle of reinforc-
ing healthy Qi and replenishing archaeus is the best one to represent this feature, so it 
has been used in cancer treatment most widely.

The method includes two aspects which make it different from other supportive 
therapies. One is “strengthening” to reinforce healthy Qi, the other is “regulating” to 
harmonize Qi, blood, yin and yang to balance. The ultimate purpose is to recover the 
status that Yin is at peace and Yang is sound. The principle of reinforcing healthy Qi 
and replenishing archaeus has profound connotations and includes many different 
methods.

19.2.1  Common Therapeutic Methods

19.2.1.1  Invigorating Spleen and Replenishing Qi

Because the patients with malignant cancer always present symptoms of deficiency 
on the whole and excess at the part, therefore, treatment by TCM is based on the holistic 
concept with the principles of harmonizing spleen and stomach to establish the middle 
Qi. This method may not be a rapid effective therapy, but it can reinforce healthy Qi 
gradually and always prolong the survival time for patients with tumor. Especially for 
patients in advanced stages, it is vital to protect stomach Qi carefully. The common used 
herbs include Radix Pseudostellatiae, Rhizoma Atractylodis Macrocephalae, Poria, 
Radix Astragali seu Hedysari, Pericarpium Citri Reticulatae, Semen Coicis, et al., 
which are ingredients of formulas Four Gentlemen decoction and Center-Supplementing 
and Qi-Boosting Decoction. It has been proved by clinical practices that these formulas 
have good effects on improving the quality of life and prolonging survival time. The 
results of pharmacology research showed such formulas can improve immune function 
significantly as well as kill the cancer cells directly or indirectly.
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19.2.1.2  Nourishing Yin and Promoting Fluid Production

This method is mainly suitable for the patients whose yin fluid has been ruined after 
radiotherapy or chemotherapy, or the patients in late stage who present tumor toxin exuber-
ance. The syndromes could be dry mouth or thirst without desire to drink, constipation with 
blood-stranguria and insomnia. Frequently used herbs include: Radix Rehmanniae, Radix 
Glehniae, Radix Ophiopogonis, Herba Dendrobii, Rhizoma Polygonati Odorati, Rhizoma 
Polygonati, Radix Scophulariae, Rhizoma Dioscoreae, Fructus Lycii, Radix Trichosanthis, 
Radix Rehmanniae Praeparata, Rhizoma anemarrhenae, Carapax Trionycis, Fructus 
Schisandrae and so on. Modern research has found that immunodeficiency maybe the 
essence of Yin deficiency syndromes. The above herbs could prolong the lifetime of an 
immune antibody, adjust sympathetic nervous system and endocrine system, relieve hyper-
metabolism, maintain the equilibrium, promote phagocytic power of monocyte and prolif-
eration of myeloid cells, and reduce proteolysis. Over-nourishing herbs should be avoided 
or accompanied by herbs with the function of invigorating spleen and regulating Qi, espe-
cially for the patients who have symptoms like weakness of the spleen and stomach, the 
stagnation of phlegm-damp, abdominal distention with loose stool.

19.2.1.3  Tonifying Kidney and Warming Yang

On the basis of the TCM theory, the kidney is the innate foundation, governing the bone 
marrow and yang Qi of the whole body. This opinion is in coincidence with the results from 
immunology and endocrinology research. The occurrence and development of cancer is 
intimately concerned with immunodeficiency caused by kidney deficiency. Herbs warming 
and tonifying the kidney can activate the immune system and excite the pituitary-adrenal 
cortex system, and therefore restrain the occurrence and development of cancer.

This method is mainly applicable to patients in late stage, especially for old patients or 
women who have castration operation because of mastocarcinoma with symptoms like cold 
body and limb, mental fatigue and lack of strength, sore waist and lumbago, frequent and 
clear urination, loose stools. Commonly used herbs include Fructus Psoraleae, Herba 
Cistanchis, Herba Epimedii, Rhizoma Curculiginis, Radix Morindae Offcinalis, Radix Aconiti 
Lateralis Praeparata, Cordyceps, Cortex Eucommiae, Radix Dipsaci, Kidney Qi Pills and 
Right-restoring Pill. Modern pharmacological researches have proved that herbs tonifying 
kidney yang can adjust the immune system, improve phagocytic function of phagocyte, 
enhance the synthesis of protein and nucleic acid, regulate metabolism of cells, improve for-
mation of anti-body and increase the level of corticosterone and estradiol in blood. Moreover, 
it can increase the level of cAMP in rat cell, which may cure yang deficiency, promote lym-
phocyte transformation, recover marrow haemopoiesis and have antitumor effects. Application 
with this method should avoid the state of warm-dryness. One should be very cautious when 
using it on patients with yin deficiency syndromes or accompanied by other herbs in the 
formula, in order to avoid inducing heat in the body and damaging yin.

19.2.1.4  Replenishing Qi and Nourishing Blood

Because of the presence of a malignant tumor and the side effects of radiotherapy and 
chemotherapy, patients always present hemogram restrain, accompanied by symptoms 
like dizziness and tinnitus, palpitation and shortness of breath, fatigue and lack of 
strength, shallow yellow complexion, pale tongue with thin coating, thready and weak 
pulse and so on. Ordinarily used herbs: Radix Astragali seu Hedysari, Radix Angelicae 
Sinensis, Radix Paeoniae Alba, Radix Polygoni Multiflori, Radix Rehmanniae 
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Praeparata, Arillus Longan, Ziziphus Jujube, Caulis Spatholobi, Placenta Hominis, 
Fructus Lycii, Chinese Angelica Blood-Supplementing Decoction and four Gentlemen 
Decoction. Modern pharmacological researches have proved that herbs replenishing Qi 
and nourishing blood could elevate hemogram, improve recovering haemopoiesis, sur-
mounting the unsteady hemogram due to hematopoietic treatment.

19.3  tHE rEVIEW oF tHE IMMunE rEGuLAtIon oF FZ  
cHInESE MEdIcInE In cAncEr trEAtMEnt

19.3.1  Regulation of Single Chinese Herb on the Immune Function  
of Cancer Patients

19.3.1.1  Radix Ginseng

Radix Ginseng is a perennial herb from the Araliaceae family with the main active 
ingredient of ginsenosides and ginseng polysaccharides. Studies have shown that it has 
a strong activity in cancer prevention and treatment. With the development of studies, 
the antitumor effect of Radix Ginseng and its mechanism are found to be extensive, but 
the most important ones are immune function regulation, body resistance strengthening, 
and thereby tumor growth inhibition.

Cellular Immunity. Ginsenosides and ginseng polysaccharides have an effect on the 
regulation of specific cellular immunity. For example, Kim et al. (1) found that Radix 
Ginseng could improve the phagocytic function of macrophages, induce the expression 
of interleukin-2 (IL-2), interferon-g (IFN-g) mRNA, and increase the activity of 
lymphokine-activated killer (LAK), NK, and CTL cells. Liu (2) demonstrated that 
Ginsenosides induced the release of IL-2 with the mechanism of having an effect on the 
body microenvironment of cAMP and/or cGMP. Wu et al. (3) observed that Rg3 
increased the percentage of CD4+ cells of significantly decreased lymphocytes of 
intestinal mucosal lamina propria, and had no significant effect on the percentage of 
CD8+ cells on tumor-bearing mice with cyclophosphamide. Ginsenoside Rg3 was 
thought to obviously improve the intestinal mucosal immune function suppressed by 
tumor-bearing and cyclophosphamide.

Humoral Immunity. Ginseng polysaccharides can enhance the macrophage function of 
mice, accelerate antibody production, and improve the function of body immune 
surveillance. Ginsenoside significantly increased the number of plague-forming cells 
induced by spleen cells and antibody-formed cells, and improved first antibody responses 
after antigen immune with low dosages. Extensive researches showed that Ginsenosides 
and ginseng polysaccharides increased the components of body serum complements and 
the lysozyme level.

Dendritic Cells. DC, the most powerful professional antigen-presenting cells (APC) at 
present, play an important role in the suppression of tumorigenesis and tumor 
development. Recent studies showed that ginsenosides Rg1 and Rh1 had an effect on the 
function of the proliferation of T cell stimulated by dendritic cells and the antitumor 
activity of LPAK in the peripheral blood of a normal person (4). Wang et al. studied the 
effect of ginsenoside Rg1 on the function of the proliferation of T cell stimulated by 
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dendritic cells and antitumor activity of LPAK activated by PHA and IL-2, and found that 
Rg1 could promote the ability of DC on stimulating the proliferation of T cells and 
cytotoxicity of DC-LPAK (4).

19.3.1.2  Radix Astragali

Radix Astragali, first recorded in Shennong’s Herbal, which is sweet tasting, slightly 
warm in nature, and relating to spleen and lung meridians, has effects on invigorating 
spleen and strengthening the middle warmer, raising spleen-Qi and yang, strengthening 
defensive and superficial, inducing diuresis, expelling toxin, and promoting tissue 
regeneration. Modern researches show that Radix Astragali contains a variety of glyco-
sides, polysaccharides, flavonoids, amino acids, trace elements, and other substances 
with pharmacological anti-tumor, immune regulation, anti-virus, anti-aging, antioxi-
dant, anti-radiation, and anti-stress effects among others. In recent years, there have 
been more researches about the mechanism of anti-tumor immunity on astragalus 
polysaccharides. Present results show that astragalus polysaccharides have an anti-
tumor effect by regulating the body immune system: (1) regulating body cellular 
immune function; (2) increasing the secretion of anticancer cytokines. For example, 
Shan et al. (5) identified that APS for injection significantly improved chemotherapy 
and induced the decrease of CD4, CD8, ratios of CD4/CD8, and NK cells. Zheng et al. 
(6) discovered that Radix Astragali could regulate lung cancer cell lines and PBMCs 
Th1/Th2 immune function of lung cancer patients, and reverse immune state to Th1. 
Dong et al. (7) found that Huangqi injection promoted the immune response of tumor-
bearing hosts and enhanced anti-tumor metastases of dendritic cells and the activity of 
immunocytes. Cho et al. (8) studied that AI from Radix Astragali could induce the activ-
ity of lymphokine-activated killer cells cultured with spleen cells. Xu et al. (9) investi-
gated that the Huangqi granule could strengthen both nonspecific and specific immunity 
of mice with low immune function induced by cyclophosphamide. Wang et al. (10) 
found that the extract Radix Astragali could promote the proliferation of peripheral 
blood mononuclear cells, enhance the killing activity of tumor cells by CTL, improve 
the function of tumor cell phagocytosis and cytokine production, and promote periph-
eral blood B cell induced IgG.

19.3.1.3  Cordyceps

Cordyceps has been a TCM. Radix Ginseng, Cornu Cervi Pantotrichum and Cordyceps 
are known as three major tonics in China. The muscardine cadaver part of Cordyceps is 
named as worm, and the stroma of head part is named as grass, which explains the origin 
of the name. Chinese caterpillar fungus is known as a medicine of treating and preventing 
disease, and enhancing the health with a history of more than 1,200 years. It is sweet and 
warm in nature, relates to lung and kidney meridians with the effects of reinforcing kid-
ney to replenish essence, enriching yin and boosting Qi. Clinical and experimental stud-
ies showed that Chinese caterpillar fungus played an important role in antitumor effect, 
which was mainly presented by improving immune function of multiple malignant 
tumors, enhancing antigen–antibody response, and reinforcing immune surveillance and 
killing the cleaning effects of mutant cells. It has a significant role in preventing carcino-
genesis. As to formed cancer cells, Cordyceps increased the killing and phagocytosis 
function of NK cells, LAK cells, and mononuclear phagocytes, and prevented the growth 
and metastasis of tumor cells (11–13). Qiu et al. (14) found that the eous extract of 
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Cordyceps could improve the function of NK cells in peripheral blood. Zhang et al. (15) 
proved that Chinese caterpillar fungus had immune regulation, anti-virus, anti-tumor 
effects through the TNF-a production by stimulation. Lin et al. studied that polysaccha-
rides from Cordyceps induced the TNF-a production of mice peritoneal macrophage in 
vitro (16). Cordyceps extracts could increase the expression of major histocompatibility 
complex class II MHC and has a function of immune surveillance on tumor cells with 
decreased MHC-II antigen expression (17).

19.3.1.4  Lentinan

Lentinus edodes belongs to oyster mushroom of Basidiomycotina and Bas’ diomyc-
etes, fungus family. Traditional Chinese medical theory considers it sweet in flavor, and 
neutral in nature; its effects include supplementing the spleen and Qi, strengthening 
healthy Qi to eliminate pathogens, harmonizing yin and yang, and it is used as both food 
and medicine. Modern pharmacological studies detected that L. edodes could decrease 
cholesterol, soften blood vessels, strengthen body immunity, prevent and treat disease, 
and so on. In the aspect of treating cancer, it activated anti-tumor immune response of 
host to control and kill tumor cells by specific activation and enhancing body immune 
function. It is considered as an ancillary drug with the combination of dietotherapy, 
operation, chemotherapy, radiotherapy, and other conventional therapies. Lentinan has 
anti-tumor effect because of the CTL, M F, NK, ADCC, LAK cells. Wang et al. (18) 
demonstrated that lentinan could significantly increase the phagocytosis function of peri-
toneal macrophages of S180-bearing mice, and improve the transformation function of 
S180-bearing mice and the activity of NK cells. Li et al. (19) studied that lentinan had 
an effect of increasing killing activity of TIL and secretion of TNF-a, INF-g. Rong et al. 
(20) confirmed that lentinan played an antitumor role by regulating immune organ func-
tion (increasing immune organ weight), improved the immune function of dendritic cells 
of tumor-bearing mice, and decreased the proliferation activity of tumor cells.

19.3.1.5  Ganoderma Lucidum

Ganoderma Lucidum belongs to Bas’diomycetes, and polypore, family fungus. 
Ganoderma Lucidum applied as a medicine has been more than 2,000 years of history. 
It is generally agreed that Ganoderma Lucidum has effects of supporting the healthy 
energy, strengthening with tonics, treating many disease. Modern medical researches 
show that Ganoderma Lucidum and its extracts have many pharmacological functions, 
such as: anti-tumor, strengthening immune functions, lowering blood glucose, protect-
ing liver, anti-aging, anti-inflammatory, anticoagulated blood, and so on. It was reported 
that Ganoderma Lucidum polysaccharides were the basis of anti-tumor and immune 
regulation (21). Lin (22) found that the serum of mice treated with Ganoderma Lucidum 
polysaccharides contained redundant IL-2, TNF-a, and r-IFN, which demonstrated that 
Ganoderma Lucidum polysaccharides had an effect of suppressing tumor growth by 
regulating tumor immune factors. Chen et al. (23) found that Ganoderma Lucidum 
polysaccharides significantly improved the immune function of tumor patients through 
the elevation of the number of T4 lymphocytes. Zhou et al. discovered that Ganoderma 
Lucidum polysaccharides could distinctly stimulate the activity of NK cells and increase 
the production of IL-2 on Lewis-bearing mice (24). Ganoderma Lucidum polysaccha-
rides were identified to elevate the activity of NK cells and TNF-a, IL-2 level in serum 
evidently on tumor-bearing mice (25).
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19.3.1.6  Tremella Fuciformis Berk

Tremella Fuciformis Berk is a fungus which belongs to Bas’diomycetes, family tre-
mella. Tremella Fuciformis Berk is known as the gracious tonic and an important herb 
with a long history. Pharmacological researches showed that Tremella polysaccharides 
(TP) had extensive physiological activities, such as immune strengthening (26), anti-
tumor (27), anti-radiation (28), anti-aging (29) effects, etc.

TP and tremella spore polysaccharides (TSP) could overall improve body immunity 
by strengthening the functions of the mononuclear phagocytic system, reinforcing 
humoral immunity and cellular immunity, and elevating the immune organ weight (30). 
In recent years, the mechanism of immunological enhancement has been further studied. 
Mali (31) identified that TP could promote the production of IL-2 on spleen cells of 
both normal and senior mice, relieve the suppression of IL-2 production on mice spleen 
cells induced by hydrocortisone and cyclosporin A. Lin (32) discovered that Tremella 
Fuciformis Berk solution improved proliferative responses of T lymphocytes and the 
activity of IL-2. Xu et al. (33) found that TSP improved the killing activity of spleen 
NK cells and transformation efficiency of lymphocytes on tumor-bearing mice, obvi-
ously elevated the weight of normal mice spleen and thymic and phagocytosis effects 
of the endothelial system. It is believed that TSP has certain antagonism on transplanta-
tion tumor, and the anti-tumor effect relates to body immune enhancement.

19.3.1.7  Poria

Poria is from the drying sclerate of Polyporaceae and eumycete poria and a tradi-
tional herb with effects of promoting diureses and anchoring mind. Poria polysaccha-
rides are one of the main effective components of Poria. Since Poria polysaccharides 
were discovered to have the activity of anti-tumor, many kinds of Poria polysaccharides 
modified by chemicals have been used in the application of tumor treatment. The anti-
tumor effect of Poria polysaccharide is one of the hot spots in the anti-tumor research 
of polysaccharide (34). The mechanism of the anti-tumor effect of Poria polysaccharide 
has two aspects: one is direct cytotoxicity, another is to stimulate immune surveillance 
by strengthening body immunity and then suppress tumor growth. Immune enhance-
ment of Poria polysaccharide is implemented in two ways: cellular immunity and 
humoral immunity. In humoral immunity, Poria polysaccharide elevated IgG level; 
while in the cellular immunity, Poria polysaccharide activated Mj, strengthened phago-
cytosis of phagocytes, stimulated T cell transformation, and induced the production of 
cytokines such as IL-1, IL-2 and so on (35). Chen (36) confirmed that carboxymethyl-
pachymaran (CMP) obviously strengthened phagocytosis of peritoneal macfophage on 
tumor-bearing mice, increased the number of spleen PFC and SRFC, enhanced bovine 
serum albumin (BSA), induced delayed type hypersensitivity (DTH), and promoted the 
growth of T cell growth factor (TCGF) on mice, which is one of the mechanisms of 
enhancing immunologic responses and suppressing tumor ratios.

There are many herbal tonics with antitumor effects that regulate the body immune 
functions. Chinese date, is one such common herbal tonic with functions of invigorating 
the spleen and supplementing Qi, nourishing the blood and calming the mind, giving 
astringents, and strengthening with tonics. Lang et al. (37) discovered that crude poly-
cose of Fructrs Jujubae had effects of anti-complementary activity and promoting the 
proliferation of mice spleen cells. Polysaccharide from Fructrs Jujubae (purification 
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polysaccharide, TDP-N) activated macrophage and promoted the cytotoxicity to induce 
the secretion of IL-1, tumor necrosis factor (TNF), nitrogen monoxidum (NO) (38). 
Radix Notoginseng belongs to Araliaceae family. Recent studies showed that saponins 
from Radix Notoginseng had anti-tumor mechanisms by directly suppressing tumor cell 
growth and metastasis, inducing apoptosis and differentiation of tumor cells, enhancing 
and stimulating the body immunity (39). Li et al. (40) detected that the effective anti-
tumor components of Radix Notoginseng were saponin Rh2 and Rg3 from Radix 
Notoginseng, which markedly elevated the TNF-a, IL-2 level in peripheral blood and 
the immune organ weight of tumor-bearing mice. In conclusion, single Chinese herbal 
tonics have great research potentials and clinical application value in the immune regu-
lation of cancer treatment.

19.3.2  The Immunomodulatory Effects of FZ Chinese Patent  
Medicines in Cancer Treatment

More and more attention has been focused in cancer treatment with TCM. Its char-
acteristic clinical efficiency is gaining more approval in modern medicine and patients. 
So far, there are plenty of Chinese Patent Medicines being applied in the anticancer 
practice. They are beneficial to enrich the methods and increase the clinical efficiency 
of TCM therapy. Here I would like to introduce the immunomodulatory effects of some 
FZ Chinese Patent Medicines.

19.3.2.1  ZhenQiFuZheng Capsule (Granula, Injection)

ZhenQiFuZheng Capsule (Granula, Injection) is composed of Radix Astragali, Fructus 
Ligustri Lucidi, etc. Animal experiments show that Radix Astragali has the ability to 
strengthen immune function; it can significantly increase the quantity of white blood cells 
(WBC) and polycyte cells in peripheral blood of patients. Fructus Ligustri Lucidi has the 
ability to increase the quantity of WBC, especially approve the leukopenia induced by 
chemotherapy and radiotherapy (41).Otherwise, Radix Astragali can promote cellular 
immune function of organisms, and decrease or eliminate the activity of suppressor T cells 
(42). So, ZhenQiFuZheng Capsule is suitable to the cancer patients who possess obvious 
consumptive symptoms, especially the patients with hemogram and immune function 
descending after chemotherapy and radiotherapy. Liu et al. (43) found that ZhenQiFuZheng 
injection could significantly promote the activity of anti-tumor efficiency of CTX on H22 
bearing mice, enhance the thymus index number and spleen index number, prevent leuko-
penia induced by chemotherapy and radiotherapy. This indicates that ZhenQiFuZheng can 
not only promote the activity of anti-tumor efficiency of CTX, but also regulate the 
immune function both in cytoimmunity and humoral immunity function. He et al. (44) 
verified that ZhenQiFuZheng Oral-liquid can significantly improve the immune-suppres-
sion induced by chemotherapy. Indicate that ZhenQiFuZheng Oral-liquid can assist 
chemotherapy and radiotherapy by strengthening immune function.

19.3.2.2  ShenQiFuZheng Injection

ShenQiFuZheng injection is composed of Radix Codonopsis and Radix Astragali, 
which are traditional Chinese herbs of reinforcing Qi. The main function of this injec-
tion is nourishing the Qi to invigorate spleen. Modern researches show that Radix 
Codonopsis can increase the quantity of RBC, Hemoglobin (HB), and WBC, therefore 
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improve the immune function. Radix Astragali has the ability to strengthen immune 
function, including activated T cells and NK cells, etc. So the injection of the extracts 
of these two herbs should have the ability to improve the immune function. For exam-
ple, abdominal cavity heat irrigated chemotherapy combined with ShenQiFuZheng 
injection can protect Myeloid Hematopoiesis, shorten the time of myelosuppression, 
and, at the same time, enhance the immune function of lymphocyte and the activity of 
anti-tumor ability (45). Chen et al. (46) found that a ShenQiFuZheng injection can 
increase the number of Ag-NORs, this may be the possible mechanism of ShenQiFuZheng 
injection activating T lymphocyte. Liu et al. (47) treated patients who were suffering 
from hematological system cancer with ShenQiFuZheng injection 14 day to. They 
found that the numbers of RBC-C3bRR and TRR were all increased, and RBC-ECRs 
were decreased significantly. It indicates that ShenQiFuZheng injection can also 
improve the immune function of RBC.

19.3.2.3  AiDi injection

AiDi injection is composed of Ginseng, Radix Astragali, Radix Acanthopanacis 
Senticosi, and Mylabris. The main effects of AiDi injection are strengthening the 
healthy Qi to eliminate pathogens, anti-tumor and immunological regulation. It is a 
common used Chinese Patent Medicine in clinical practice. Tang et al. (48) found that 
AiDi injection peritoneal injected can significantly improve the immune function of 
tumor bearing mice, and indicate that the antagonistic effect of IL-2, TNF-a produce 
decreasing was the important mechanism. Hou et al. (49) indicated that the AiDi injec-
tion could not only promote the Cellular immune function, but also humoral immune 
function; the evidence is that it could increase the activity of NK cells, the expression 
of IL-2R, and decrease the expression of sIL-2R and TNF-a. Liu et al. (50) observed 
the change in NK cells and T cell of colorectal cancer patient who were treated with the 
AiDi injection. And they found that the activity of NK cells, the number of CD3+ T cells 
, CD4+ T cells, and the value of CD4+/CD8+ were all increased compared to the patients 
who did not receive AiDi injection therapy. This is a great evidence to prove that AiDi 
injection can enhance the cellular immune function. Chen (51) considered that AiDi 
injection can also improve the RBC immune function. He confirmed his theory finally 
by doing some experiments.

19.3.2.4  Liuwei Dihuang Boluses

The formula of Liuwei Dihuang Boluses was formed in Song dynasty. It is composed 
of prepared rhizome of rehmannia, Fructus Corni, Rhizoma Dioscoreae, the root bark 
of the peony tree, Poria, and Rhizoma Alismatis. It is a famous formula of invigorating 
the kidney. Clinical practice proves that Liuwei Dihuang Boluses is an Immune 
Adjusting Reagent. For example, Jiang et al. (52) observed the nitrosamine-induced 
tumor model mice which were treated with this formula, and found that the function of 
mononuclear phagocyte system was strengthened remarkably, and the proliferation of 
the marrow stem cells and lymphocyte tissue were be activated too. The results were 
that the tumorigenesis decreased significantly. Li (53) found that this formula can coun-
teract the following immune changes of the mice induced by CTX, such as the weight 
ease of thymus and spleen, the decrease of serological specific antibody and lymphocyte 
transformation. Xu et al. (54) reported that this formula protected the activity of NK 
cell and the lymphocyte transformation of T cells and B cells during chemotherapy. 
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Gong et al. (55) found that this formula can enhance the ADCC function of peritoneal 
macrophage cells of normal and Yin asthenia rats. This may be one mechanism of the 
immune function strengthening the effect of Liuwei Dihuang Boluses.

19.3.2.5  Kanglaite Injection

Coicis semen is the seed of adlay, it is a common TCM herb. Its main function is 
invigorating the spleen and damp elimination, removing heat to eliminate pura. It is 
applied in most anticancer TCM formulas. Now the extracts of coicis semen have been 
made into Kanglaite (KLT) injection, and KLT injection is one of the generally used 
medicines in cancer therapy of China. The pharmaco-activities of KLT injection are all 
focused on the anti-tumor and immunological regulation function. For example, the 
research of Yonsei University of Korea (56) indicated that the immune function of 
mesenterium was significantly enhanced when coicis semen was added in rat food. The 
research of Japan (57) found that after coicis semen treatment, the percent of CD3+, 
CD6+, CD16+, and CD57+ T cell were increased, indicating that coicis semen could 
improve the immune function by increasing the quantity of cytotoxic lymphocyte. The 
researchers of Shanghai (58) found that the oral preparation of KLT could promote the 
proliferation of lymphocyte, activity of NK cells, and the secretion of IL-2 in spleen of 
mice. Hou et al. (59) found that KLT can enhance the quantity of NK cells of peripheral 
Blood. Zhang et al. (60) reported that at the same time of killing tumor cells, KLT could 
protect immune organs and the their immune function too. Wu et al. (61) reported that 
KLT could make Tumor Infiltrative Cells (TIL) survive for a long time in vitro (>17 
days), and the activity of proliferated TIL cells were significantly amplified just like the 
effect of recombined IL-2 (rIL-2).

Chinese Patent Medicines have more advantages in antitumor and preventing tumor. 
So the research and development of Chinese Patent Medicines have become a hot 
research subject in the world. Even though the anti-tumor mechanisms of many herbs 
and their extracts are still unknown, the immunological regulation is an undoubted path-
way. Along with the development of immunology, molecular biology, TCM pharmacol-
ogy and the extract technique of Chinese herbs, the FZ Chinese Patent Medicine would 
play a great role in the immunological regulation of cancer therapy.

19.3.3  The Immunomodulatory Effects of Other TCM Compound 
Prescriptions

Besides former mentioned single herbs and Chinese patent medicines, there are 
plenty of effective FZ formulas which gradually formed anti-tumor progressing in the 
past 50 years. And these formulas are all efficient in regulating the immune function of 
tumor-bearing organism, both in basic and clinical research.

19.3.3.1  The immunomodulatory Effects in Immune Cells and Cytokines

T Lymphocyte. T cell-mediated immune reaction is important in the immune response 
of Strong antigenicity tumor cells. And activated T cells can secrete many cytokines to 
kill tumor cells. Li (62) reported that when 55 case patients after radical resection were 
treated with adjuvant chemotherapy plus TCM Compound Prescriptions (consisting of 
Radix Astragali, Radix Codonopsis, Radix Pseudostellariae, Polyporus, Poria, Fructus 
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Ligustri Lucidi, Fructus Lycii, Semen Coicis, Radix Polygoni Multiflori), the results 
showed that immune function (CD3, CD4, CD4/CD8) were enhanced significantly 
compared with the group of adjuvant chemotherapy alone. Zhang et al. (63) tested 
CD28+ T cells, and the expression of IL-2, TNF-g of the patients who received 
BaoYuanDan treatment. And they found that compared with control group, BaoYuanDan 
group could promote the proliferation of T cells, increase the percent of CD28+ cell in 
T cells, and raise the expression of IL-2 and TNF in the peripheral blood of patients.

NK Cells and Immune Cytokine. NK cell is a subpopulation of lymphocyte. There are almost 
5–10% NK cells in peripheral blood. Its nonactivated style can kill some tumor cell efficiency. 
When it was been activated by some cytokine, its anti-tumor efficiency and anti tumor 
spectrum would be increased significantly. Li et al. (64) found that NK cells in peripheral 
blood of lung-Qi insufficiency Nonsmall Cell Lung Cancer (NSCLC) patients and lung-Yin 
insufficiency NSCLC patients were lower than normal persons. But after treatment with the 
Chinese herb compound – ZhengDeKang (consisting of Radix Astragali, root of straight 
ladybell, Fructus Ligustri Lucidi) , not only NK cells but IL-2, CD3, CD4, CD4/CD8 were 
all increased (65). There were reports (66) that Chinese Herb FZ Mixtura – another Chinese 
herb compound (consisting of Radix Astragali, Radix Angelicae Sinensis, Rhizoma 
Polygonati, Fructus Ligustri Lucidi, Radix Codonopsis) could influence the contents of IL-2, 
TNF-a, IL-6 in tumor tissue and peripheral blood, the result was IL-6 decreasing, TNF-a and 
IL-2 increasing. The same results were observed in the patients treated with empirical FZ 
formula (consisting of Radix Notoginseng, Radix Glycytthizae, Radix Astragali, Radix 
Scutellariae, Radix Salviae Miltiorrhiae, Radix Angelicae Sinensis) (67).

Macrophage Cells. Macrophage cells are the important constituent cells of innate 
immune system; it is an important APC too. So it plays an important role in inducing 
and regulating the Antigen-Specific Immune Response. Some FZ TCM Compound 
Prescriptions can improve the function of macrophagocyte. For example, No. 2 Capsule 
of FZ and Anti-Tumor (consisting of Radix Astragali, Radix Pseudostellariae, Fructus 
Corni, Rhizoma Atractylodis Macrocephalae, Radix Angelicae Sinensis, Herba 
epimedii, Fructus Psoraleae, medlar, Gold Theragran, Fructus Mori, and Poria) can 
increase the immune organs weight (thymus and spleen), improve the cytophagic index 
of Macrophage (68). Li et al. (69) found that YiQiBuShen formula (consisting of 
JinKuiShenQi formula plus Radix Astragali and Ginseng) can significantly increase the 
activation of macrophagocyte and the expression of IL-12 in spleen cells of tumor 
bearing hypoimmunity mice induced with cyclophosphamide (CTX). Wang et al. (70) 
considered that ZhenQi Casein Compound peptide could promote the expression of 
antigen LA on the macrophagocyte, and then activated the immune response, 
strengthening the ADCC effect of macrophage cells. Bi et al. (71) applied the purified 
liquid of Liver Cancer No. 1 formula (consisting of Poria, Radix Astragali, Rhizoma 
Atractylodis Macrocephalae, Herba Artemisiae Scopariae) to treat Wistar rats, and 
found that the tumor control rate of macrophage cells in treated rats were increased in 
a dose-dependent manner. And at the same time the mRNA level of TNF-a, NF-kB and 
iNOS were increased too. So they thought that Liver Cancer No. 1 formula may be 
increasing the killing ability of macrophage by inducing the expression of TNF-a, 
NF-kB and iNOS.
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Tumor Infiltrative Cells and Lymphokine-Activated Killer Cells. Reome et al. (72) found 
that CD44 expression increased in most of CD4 and CD8 TIL cells, and these cells also 
express the cell-activated marker CD25, CD69, and CD95, etc. It indicates that TIL 
cells play an important role in anti-tumor immune response. And TIL cells can make 
LAK cells re-activated by secreting IL-6 against TGF-1 which is secreted by tumor 
(73). TCM Compound Prescriptions can also regulate the function of TIL cells and 
LAK cells. Huang et al. (74) found that YiQiPingXuanYin can significantly increase the 
anti-autologous tumor cells (ATC) ability of TIL cells. Zhang et al. (75) found that No. 
1 and No. 2 of TiaoHeng formulas could enhance the activity of LAK cells and the level 
of TNF in peripheral blood of S180 and H22 tumor-bearing mice.

Red Cell Immune. Red Cell Immune system was raised firstly by the American scholar 
Siegel in 1981; it is the important ingredient of immune system. Li et al. (76) found it 
can correct the Red Cell Immune functional disorder of esophageal carcinoma patients 
during radiotherapy that applied Chinese herb compound FuZhengYiLiu granula. Ren 
(77) found that QiRuiFuZheng capsule can enhance the activity of erythrocyte CR1 and 
serum complement C3, thus to increase the immune adherence of red blood cells.

The Effect on Multi-Immunocytes and Cytokines. XiaoLiuTang (consist of Radix 
Astragali, Radix Glehniae, Fructus Ligustri Lucidi, Radix Pseudostellariae, eclipta, 
toad’s skin, Rhizoma Paridis, house lizard, and Radix Sophorae Tonkinensis) can 
enhance lymphocyte transformation efficiency of tumor-bearing mice, the activity of 
NK cells and the content of TNF-a in PB. In addition, it can accelerate the apoptosis 
of Vitro tumor cells too (78). Li et al. (79) found that ShenXi capsules (consist of Radix 
Astragali seu Hedysari , Radix et Caulis Acanthopanacis Senticosi, Radix Salviae 
Miltiorrhizae, and Se) increased the activity of NK cells and the quantity of CD3 cells, 
CD4 cells, and decreased the quantity of CD8 cells obviously. And the ratio of CD4/
CD8 was ascended. Sun et al. found that the activity of NK, IL-2 and the amount of 
CD3 cells, CD4 cells, and the value of CD4/CD8 raised distinctly while taking 
QiRuiFuZhengPulvis (consist of Radix Astragali seu Hedysari, Fructus Ligustri 
Lucidi, C. Eucommiae, C. Spatholobi, and Fructus Corni, etc.)-accompanied chemo-
therapy (80).

19.3.3.2  The Regulated Effects in Immune Escape

The immune system can be activated to eradicate tumor cells by immune response, 
but sometimes the immune system is not able to control the tumorigenesis and the tumor 
progression in nature. So it is very important to study the mechanism of immune escape 
of tumor cells. It is absolutely complex; one of the most important mechanisms is Fas/
FasL counterattack-induced apoptosis of CTL cells. Sung-Hyung et al. (81) consider 
that Fas/FasL-mediated killing pathway is the key anticancer effect mechanism of CTL 
cell and NK cell in immune response. So regulating the efficiency of Fas/FasL may 
control immune escape effectively. Zhao et al. (82) study the protein expression of 
apoptosis-associated Fas/FasL of H22 tumor-bearing mice which are treated with 
FuZhengYiLiu granula. The result is the expression of Fas increased and FasL decreased 
in FuZhengYiLiu granula group compared the with control group. It indicates that 
FuZhengYiLiu granula can inhibit the apoptosis of T cell of H22-bearing mice, and it 
is important in immune escape. He et al. (83) observed the level of TGF-b1 and VEGF 
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of H22 tumor-bearing mice using the ELISA method. They found that Lycium bar-
barum polysaccharide (LBP) could downregulate the level of TGF-b1 and VEGF, thus 
the anti-tumor roles of LBP are related to the effects of restraining the secretion of 
TGF-b1 and VEGF and immune escape.

19.4  concLuSIonS And PErSPEctIVES

From the literature and reports published in recent years, we can see that the reports 
of FZ anticancer TCM herbs are all focused on the immune response, including regula-
tion of T cells, NK cells, mononuclear macrophages, TIL, LAK and IL-2, IL6, TNF-a, 
etc. In domestic reports, it is a common opinion that FZ anticancer TCM herbs can also 
strengthen red cell immunity. FZ anticancer TCM herbs also gradually show its impor-
tance during its study on intervening tumor immune escape (for instance, Fas/FasL and 
restrain tumor cells to secrete immunosuppressive factor, etc). However, at present, the 
mechanism study of FZ anticancer TCM herbs increasing the proliferation of lym-
phocytes and cytokines as well as the comparative study of the theory of FZ anticancer 
TCM herbs and tumor immunology are relatively weak and need further discussion. In 
conclusion, the incessant new production of FZ anticancer TCM medicines on immune 
regulation provide more and more theory for applying formula of FZ Chinese formula 
of anticancer therapy flexibly and widely.
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Key Points

As the source of all nutrients, diet is arguably one the most important environmental •	
exposures during early development.
Maternal dietary exposures •	 in utero have implications for most aspects of fetal devel-
opment and there is growing evidence that this includes immune pathways that have 
the capacity to influence the risk of allergic disease.
In the postnatal period, oral exposures, including a broad range of immunomodula-•	
tory dietary nutrients, potential allergens and colonizing bacteria, play a major role 
in the maturation of the mucosal immune system.
Many of these factors have the capacity to influence the success or failure of subse-•	
quent tolerance, including extensive “modernization” which has led to many of these 
enteric exposures causing changes in colonization patterns and dietary composition.
It is likely that the recent epidemic rise of allergic disease is multifactorial and that •	
changes in at least some of these factors play a contributing role.
It is also evident that a wide range of function genetic polymorphisms may influence •	
the relative effects of these environmental exposures on the developing phenotype.
A better understanding of these complex interactions may ultimately lead to indi-•	
vidualized early interventions that are tailored and targeted according to genetic 
predisposition. Early dietary exposures are likely to play an important role in this.
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20.1  INTRODUCTION

While there is compelling evidence for a hereditary component in the pathogenesis of 
allergic diseases, the dramatic recent increase in disease also indicates a clear role of the 
modern environment. Dietary changes are among the many complex environmental 
changes implicated in the allergy epidemic. Is it also evident that the environmental influ-
ences driving this increased disease predisposition occur very early during development. 
In the antenatal period, maternal diet is a major exposure with the capacity to influence 
many aspects of fetal immune development, including the developing immune system 
(Fig. 20.1). There is also growing evidence that the predisposing patterns of immune dys-
function are already evident at birth and that maternal diet (1), along with other antenatal 
exposures (2, 3) can modify neonatal immune responses. In the postnatal period, when the 
gut is the largest and the most important site for the development of immune tolerance, a 
range of dietary exposures are highly likely to influence the success of these processes, 
including breast milk, dietary allergens, colonizing bacteria and many immunomodula-
tory dietary nutrients. The role of these various factors is discussed here, along with the 
potential role in immune immunomodulation and the prevention of allergic disease.

20.2  EVENTS LEADING TO IMMUNE TOLERANCE

First, it is important to consider the events that lead to immune tolerance, and how 
this fails in allergic disease. While the culminating events in the development of oral 
tolerance occur in the postnatal period, it is increasingly likely that antenatal events may 
also influence susceptibility to immune dysregulation.

MATERNAL DIET INFANT DIET

Other environmental
interactions

Folate

Antioxidants
PUFA Other

macro/ micro
nutrients

modification
of gene expression
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emerging
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Fig. 20.1. Dietary influences play an important role in both the prenatal and the postnatal periods, 
with the potential to modify disease risk and the resulting allergic phenotype.
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20.2.1  The Importance of Antenatal Events
While the clinical symptoms of allergic disease are not evident until the postnatal 

period, there is mounting evidence of pre-symptomatic differences in immune function in 
neonates who go on to develop disease. The most consistent and well recognized of these 
is a relatively deficient production of the type 1 T helper (Th1) cell cytokine interferon 
(IFN)g (4, 5), normally important for suppressing pro-allergic Th2 responses. More recent 
evidence suggests that perinatal immaturities of allergic predisposition extend to include 
differences in regulatory T cell (Treg) function (6) and innate immune function (7). 
As discussed further below, a number of maternal dietary factors have been associated 
with variations in perinatal and/or postnatal immune function, including polyunsaturated 
fatty acids (PUFA) (8), folate (9) and antioxidants (10) (Fig. 20.1). This is also consistent 
with the well-recognized immunomodulatory effects of these and other dietary nutrients.

It is now clear that early environmental exposures may influence development by 
altering gene expression through “epigenetic modification” (reviewed in ref. (11)). This 
can lead to heritable changes in gene expression, and disease propensity, without any 
change in gene sequence. The main epigenetic processes that regulate gene expression 
include DNA and histone methylation, histone acetylation and patterns of chromatin 
structure, which thereby determine the degree of DNA compaction and accessibility for 
gene transcription. These pathways are highly sensitive to environmental exposures. 
Many elegant models show how environmental changes at critical times during develop-
ment can profoundly alter the phenotype of genetically identical animals, and alter 
subsequent disease predisposition (11). While there are well-established models from 
other disease processes, epigenetic models of allergic disease are only now beginning 
to emerge. Notably, one recent study demonstrated that maternal dietary supplementa-
tion with folate (a methyl donor) in pregnancy induced changes in gene methylation and 
associated allergic airways disease in the offspring. Specifically, they identified more 
than 80 genes that were differentially methylated after in utero supplementation, with 
decreased transcriptional activity (silencing) and reduced expression of genes normally 
important for inhibiting the allergic phenotype. Moreover, this effect was shown to be 
heritable across generations (9). To our knowledge, this is the first study to show that 
dietary factors can modify the risk of allergic airway disease through epigenetic mecha-
nisms in the antenatal period. It is likely that further investigation of other immunomod-
ulatory dietary factors may reveal additional epigenetic effects on immune development 
in the future. Thus, antenatal events appear to “set the scene” and influence the outcome 
of subsequent postnatal interactions, the success of tolerance and the risk of disease. 
The frequent expression of allergic disease within months of birth is further evidence 
that the predisposing events occur during this very early period of development.

20.2.2  Evolving Immune Tolerance in the Early Postnatal Period:  
A Central Role of the Gut

The gastrointestinal tract is arguably the most important site for the development of 
immune tolerance. In the immediate postnatal period, the gut undergoes rapid coloniza-
tion and this induces maturation of the associated mucosal immune networks that com-
prise more than 70% of the total immune system. During this time, the infant is exposed 
to a vast array of new environmental antigens. Most of this foreign antigenic load is 
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derived from colonizing commensal bacteria and food components. To prevent inflam-
matory responses to these largely harmless antigens, the gastrointestinal associated 
lymphoid tissue (GALT) has evolved complex mechanisms to promote tolerance as a 
default response (reviewed recently by ref. (12)). Early microbial colonization is essen-
tial for the establishment and homeostasis of this tolerogenic microenvironment. Animal 
studies in germ-free conditions demonstrate that oral tolerance cannot be induced in the 
absence of gut microbiota (13, 14). Although the restoration of full immune function 
and oral tolerance can be achieved by colonization, this is age-dependent and cannot 
be achieved in mature animals (14), highlighting the importance of events during this 
window of time.

Tolerance has been described to occur in the “two phases” (12). In the first instance, 
there is the establishment of an immunosuppressive milieu, which prevents unwanted 
local inflammation in the gut. Second, this provides optimal conditions for the develop-
ment of highly regulated systemic immune responses. Dendritic cells (DC) play a cen-
tral role in both of these processes. They produce immunomodulatory cytokines (IL-10 
and TGFb), which suppress local inflammation in an antigen-nonspecific manner. DC 
also promote the differentiation of antigen-specific Treg, which are essential for sys-
temic immune surveillance and tolerance. The type of regulatory T cell populations 
induced depend on the specific patterns of surface marker expression and cytokine pro-
duction, and include IL-10 producing-Treg (Tr1), TGF b-producing Treg (Th3) and 
CD4+CD25+FOXP3+ Treg. There is growing speculation that other dietary immu-
nomodulatory factors can promote tolerogenic conditions in the gut, including PUFA, 
which influence DC function (15), vitamin A (retanoic acid) (16) and vitamin D (16) 
which also promote Treg differentiation.

Thus, the postnatal events that lead to immune tolerance are centered on the gut. 
Exposure to most allergens and antigens through this route leads to tolerance of those 
proteins. The success of oral tolerance appears to depend on a number of oral exposures, 
including optimal colonization and exposure to other dietary immunomodulatory fac-
tors. With the rising rates of food allergies and other allergic disease, it is clear that 
modern environmental exposures are not optimal for the development of tolerance. 
There is consequently strong interest in understanding the role of specific factors in this 
process and how they may be optimally modified to prevent allergic disease.

20.3  EFFECTS OF SPECIFIC DIETARY FACTORS  
IN THE DEVELOPMENT OF TOLERANCE, IMMUNE 
REGULATION AND THE PREVENTION OF ALLERGIC DISEASE

The epidemic rise of allergic disease demonstrates that immune tolerance pathways 
are highly susceptible to environmental change and successful tolerance is therefore 
likely to depend also on a complement of additional exposures, including favorable gut 
colonization (14), breast milk (17) and/or other immunomodulatory factors, including 
postnatal and in utero dietary exposures. It has been common practice to assess the 
effects of individual nutrients in both observational and intervention studies, which may 
be over-simplistic. Another approach has been to investigate the effects of common 
dietary “patterns”, such as the “Mediterranean diet” on disease outcomes. Several recent 
studies have suggested that the “Mediterranean diet” may protect against wheezing in 
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early childhood (18, 19), and that this effect was largely dependent on dietary patterns 
in pregnancy (19). In a much larger population-based UK birth cohort, some dietary 
patterns were associated with eczema, IgE, lung function and asthma; however, none 
had any effect after allowing for other environmental confounders (20). Thus, although 
the effects of specific factors will be discussed separately here, it is important to recog-
nize that there are complex inter-relationships and correlations between individual 
nutrients.

20.3.1  Breast Milk as a Source of Immunomodulatory Factors
Breast milk is ideally the first nutrition source in the postnatal period. The tolero-

genic and immunoprotective properties of breast milk are well recognized. It contains a 
complex array of immunologically active compounds that may both protect from infec-
tion and promote oral tolerance (including immunoglobulins, lactoferrin, lysozymes, 
oligosaccharides, long chain fatty acids, cytokines, nucleotides, cytokines, hormones, 
antioxidants and maternal immune cells). Breast milk is also the first oral source of food 
allergens ingested by the mother (21). At least some of the tolerogenic properties of 
maternal milk appear to depend on the presence of cytokines such as TGFb, which 
induce regulatory T cells in the infant gut (22). The addition of TGFb to formula milk 
also increases tolerance in animal models (23) and this is now being explored in 
humans.

Breastfeeding is strongly encouraged for many reasons. However, the relationship 
with allergic disease has been conflicting in population studies, and it is not possible to 
perform randomized controlled studies. There is some evidence that continued breast-
feeding during the introduction of complementary foods promotes tolerance (17) and it 
seems logical to encourage continued breastfeeding in conjunction with “solid” food 
introduction. Ongoing studies of the tolerogenic properties of breast milk and its com-
ponents may reveal further avenues for allergy prevention.

20.3.2  Role of Dietary Allergens in the Development  
and Prevention of Allergic Disease

Dietary allergens have been of long-standing interest in the development of allergic 
disease and many earlier prevention strategies centered around the avoidance of aller-
genic foods in early life. While certain foods are clearly more “allergenic” than others 
(including cow’s milk, eggs, nuts and seafood), it is now increasingly evident that early 
exposure to these allergens is not the primary cause of the rising rates of food allergy. 
Furthermore, the avoidance of allergenic foods has been largely unsuccessful in pre-
venting disease (reviewed in ref. (24)).

Although delayed introduction of infant complementary feeding (beyond 6 months 
of age) and continued avoidance of “allergenic” foods became common practice until 
recently, there was no strong evidence to support this (25). Rather, there has been grow-
ing evidence that these practices may actually increase the risk of allergic disease 
(26–28). Delayed introduction of wheat (26), cow’s milk (29), egg (28) and fish (30) 
have all been associated with increased development of food allergy and atopic derma-
titis/eczema. Thus, although there is a recognized need for more research, based on the 
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current evidence, it is difficult to justify continued restrictive feeding practices and most 
expert panels now recommend the introduction of complementary feeding somewhere 
between 4 and 6 months of age, with no specific avoidance of allergenic foods (24, 
31–33). There is also no clear evidence to support the practice of excluding allergenic 
foods including cow’s milk, eggs and peanuts from the maternal diet during pregnancy 
and lactation for allergy prevention (as reviewed by ref. (32)).

As indicated above, focus has instead shifted to dietary factors that may influence the 
ability to develop immune tolerance. With regard to food as a source of allergens, there 
is a mounting body of evidence to indicate that oral tolerance, an antigen-driven process 
(34, 35), is induced by exposure to dietary allergens during critical early stages of 
development (reviewed in ref. (24)). The timing, dosage, interval and regularity of 
allergen exposure can all affect the development of oral tolerance (34, 35)with evidence 
that under optimal conditions, early, regular oral exposure to food allergens will induce 
tolerance rather than sensitisation, and may be critical to prevent the development of 
food allergy (26, 36).

Animal models suggest that the exposure to food proteins during a “critical early 
window” of development may be essential to promote the induction of oral tolerance 
(34, 35). In humans, this has not been proven. There is some evidence that giving food 
allergens “too early”, that is, before 3–4 months of age, has been shown to increase the 
risk of allergic disease (39, 40). This is presumably because local immune networks are 
still immature and the optimal microbial colonization, which is essential for tolerance 
has not yet been fully established (41). Similarly, delayed exposure to allergenic foods 
beyond 6 months of age, including peanuts (37, 38), wheat (26) and fish (36) may also 
lead to increase in allergic disease, providing indirect evidence of a possible “optimal 
window” for first complementary feeding between the 4th and 6th month of age (reviewed 
in ref. (24)). This remains to be confirmed.

There are currently a number of randomized controlled trials to directly investigate 
if early introduction of specific allergenic foods will actually promote oral tolerance to 
these foods and reduce the risk of specific allergies. Approaches are aimed at earlier oral 
exposure to induce tolerance before sensitisation occurs through cutaneous or respira-
tory routes (reviewed by ref. (42)). The results of these studies are awaited with interest. 
Thus, allergy prevention approaches using food allergens are shifting from “avoidance” 
to possibly earlier exposure to these foods, although this should still be approached with 
caution until the findings are clear. It remains important to ensure that other environ-
mental conditions are also optimized to promote tolerance, as without this early allergen 
exposure may still result in sensitisation, as suggested by recent trends in disease.

20.3.3  Role of Dietary Polyunsaturated Fatty Acids in Allergic Disease
Another significant dietary change that has been implicated in the rise in allergic 

disease has been a progressive decline in the consumption of omega-3 (n-3) PUFA in 
favor of omega-6 (n-6) PUFA. This could have plausible effects on immune development 
and the development of allergic disease, particularly as the metabolic products of n-6 PUFA 
are significantly more inflammatory than those of n-3 PUFA (as reviewed by ref. (43)). 
Logically, this has led to interest in the role of n-3PUFA supplementation (using fish oil) 
in the treatment and prevention of allergic diseases and other inflammatory diseases.
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The proportional composition of n-3/n-6 PUFA in cell membranes has a number of 
recognized effects on immune function (as reviewed in ref. (44)), which are related to 
metabolic properties, structural properties (i.e. effects on membrane fluidity) and effects 
on gene expression (signal transduction).

20.3.3.1  Effects of PUFA on Eicosanoid Mediators

PUFA are the major substrates for the production of eicosanoid mediators such as the 
prostaglandins and leukotrienes. Higher levels of n-6 PUFA favor the production of the 
2-series prostaglandins (such as PGE2) and the 4-series leukotrienes (LTB4), both of 
which are highly inflammatory. In contrast, n-3PUFA-derived products (PGE3 and 
LTB5) are significantly less inflammatory. Furthermore, other n-3 metabolites, includ-
ing resolvins, can also actively assist in suppressing inflammation (reviewed in ref. 
(45)). Thus, an alteration in the n-3/n-6 PUFA composition can alter the propensity for 
local tissue inflammation.

20.3.3.2  Effects of PUFA on Antigen-Presenting Cells

The level of APC activation and receptor expression determines the degree and 
pattern of T cell response. Increasing the n-3PUFA content of APC cell membranes has 
been shown to inhibit the surface expression of MHC class II and co-stimulatory 
molecules, thereby reducing antigen presentation and T cell activation (46, 47). One 
study has shown that at least some of the immunomodulatory activities of n-3 PUFA are 
mediated through the modulation of microbial pattern recognition receptors (toll-like 
receptors (TLR)) on APC (15). In animal models, docosahexanoic acid (DHA), which 
is more highly concentrated in cord blood, has been shown to inhibit MHC class II and 
immune activation in APC (47), which may have relevance for APC function in the 
early postnatal period. The n-3PUFA also have suppressive effects on the production of 
inflammatory cytokines IL-1, IL-6 and TNFa as well as on NFkB pathways, possibly 
through an interaction with nuclear lipid-activated transcription factors, peroxisome 
proliferator-activated receptors (PPARs), which regulate cellular responses including 
inflammation.

20.3.3.3  Effects of PUFA on T Cell Function

The anti-inflammatory effects of n-3 PUFA on T cell function have been extensively 
studied, with well documented suppression of lymphoproliferation and cytokine pro-
duction following dietary fish oil supplementation (48–50). We have also demonstrated 
that increasing maternal n-3PUFA status in pregnancy (with fish oil) is associated with 
altered allergen-specific immune responses in the offspring (1). We also observed 
effects on T cell signaling, with down regulation of most protein kinase C (PKC) iso-
zymes in the fish oil group compared to the placebo group, with the exception of PKCz, 
which was upregulated in the supplementation group. These changes in T cell signaling 
were associated with protection from subsequent allergic disease (51).

20.3.3.4  Effects of PUFA on T Regulatory Cell Function

The effects of n-3PUFA on specific populations of regulatory T cells (Treg) are not 
yet well understood. This may be mediated through recognized effects on Treg recep-
tors (such as TLR (15)) or by metabolic products, such as PGE2 which can induce Treg 
(52). At this stage, this is not clear. The fact that n-3PUFA can suppress specific inflam-
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matory responses, without the adverse effects of a global immunosuppression (such as 
increased risk of infection), suggests specific immunomodulatory effects.

The potential protective role of n-3PUFA in allergic disease was based on a number 
of observations studies that the consumption of oily fish in childhood (higher n-3/n-6 
ratio) was associated with less wheeze and asthma (53, 54). Some more recent observa-
tional studies have supported this (55), but others have not (56). This led to the first 
postnatal intervention study using fish oil supplementation for allergy (asthma) preven-
tion. The supplements (tuna oil or a placebo) were given from around 6 months of age. 
Although there was a reduction in wheezing at 18 months of age (57), there were no 
long-term benefits for the reduction of allergic sensitisation or any diagnosed allergic 
disease, as assessed at 5 years of age (58). As the increased expression of Th2 allergic 
responses is frequently already established in subsequently allergic children by 6 
months of age (albeit asymptomatic) (59) it is possible that earlier intervention could be 
more effective. There has subsequently been more interest in PUFA status in pregnancy, 
when developmental programming is arguably more critical. Observational studies have 
again suggested that maternal fish oil consumption in pregnancy has protective effects 
on the development of allergic sensitisation (60), eczema (61), and asthma (62) although 
this has not been seen in all studies (63). There are now a series of randomized control-
led trials of fish oil in pregnancy studies still in progress to assess this more definitively. 
A recent 16-year follow-up of a cohort of children involved in a pregnancy fish oil 
supplementation study (originally performed to assess pregnancy outcomes such as 
gestational length (64)) showed a reduction in subsequent asthma (65). Our initial study, 
which showed neonatal immunomodulatory effects of maternal fish oil (1), also 
provided preliminary evidence of reduced risk of sensitisation and other allergic 
outcomes (1). Although the study was not powered to examine these clinical outcomes, 
children in the fish oil group were also three times less likely to have a positive skin 
prick test to egg at 1 year of age with a relative risk reduction of 54.6%. Another more 
recent study (66) has now also shown a significant reduction both in food allergy and 
IgE-associated eczema in fish oil supplemented children (compared with a placebo 
group). Other larger studies are also underway in an attempt to verify this.

In summary, there is clear evidence of the anti-inflammatory properties of n-3 PUFA 
together with epidemiological data to suggest that these may have a role in disease pre-
vention. So far, limited data on intervention studies suggest that benefits may be greatest 
in early development (pregnancy) before the immune propensity for allergic disease 
becomes established. However, at this stage, no specific recommendations can be made 
regarding the use of fish oil in pregnancy, and the results of larger studies are awaited 
with interest.

20.3.4  Role of Antioxidants and Other Vitamins in Allergic Disease
Another group of dietary components that may have declined with “western” dietary 

changes include antioxidants (such as vitamin C, vitamin E, beta-carotene, zinc and 
selenium). There have been some epidemiological associations between lower intakes 
of antioxidant rich foods (such as fresh fruits and vegetables) with reduced pulmonary 
function (67), and increased risk of wheeze in both adults (68) and children (69, 70). It 
has been proposed that these associations may reflect a protective effect of antioxidant 
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rich diets in the development of allergic diseases such as asthma (71, 72). At least some 
of the immunological properties of antioxidants have supported this hypothesis. 
Antioxidant status can modulate a number of cell processes implicated in immune pro-
gramming and regulation. In the presence of vitamin C and E antioxidants, APC (specifi-
cally DC) have been shown to promote the development of regulatory T cells in vitro (73). 
By favorably altering the “redox” status of cells, antioxidants can also enhance IL-12 
production by APC and favor Th1 differentiation (74). Although it is not clear whether 
this can be extrapolated to the in vivo setting, this could theoretically favor the develop-
ment of Th1 responses and inhibit the development of allergic Th2 responses. However, 
there has also been conjecture that oxidative stress, which increases the production of 
reactive oxygen species (ROS) by macrophages, could also favor Th1 immune differen-
tiation. This alternative hypothesis proposes a theoretical concern that antioxidant sup-
plementation could increase the probability of Th2 differentiation (by inhibiting oxidative 
stress) and favor the development of asthma and allergic disease (75).

So far, the relationship between antioxidant status in pregnancy and subsequent aller-
gic disease has been limited to observational studies. Maternal intake of vitamin E in 
utero has been associated with an increased risk of developing childhood wheeze, 
asthma and eczema by 2 and 5 years of age (71, 76). These studies followed earlier 
observations, by the same UK group, that that higher maternal vitamin E intake during 
pregnancy was associated with reduced cord blood mononuclear cell proliferative 
responses to allergens (10). They have also shown that maternal vitamin D intake during 
pregnancy may have the potential to reduce early childhood wheezing (77). A Boston 
study has also reported that maternal intakes of vitamin E and zinc were negatively 
associated with wheezing at 2 years of age, although they did not observe any correla-
tions between the risk of eczema and antioxidant intake in the same children (78). 
Relationships between allergic disease and other antioxidant levels, such as vitamin C, 
have been inconsistent. Some studies have suggested negative associations (increased 
risk of wheezing) with increased vitamin C intake (76) while others have demonstrated 
beneficial decreases in the risk of wheeze (69, 79).

In summary, it is likely that maternal antioxidant intake during pregnancy does 
influence the antioxidant status of the developing fetus, and it is also possible (but not 
yet confirmed) that this modulates the risk and development of childhood atopy (10, 
80, 81). To our knowledge, there have been no intervention studies in pregnancy or 
early childhood to specifically examine the effects of antioxidant supplementation on 
immune development or allergy prevention. Such studies should be approached with 
caution as there have been concerns that this could have adverse effects (75). In the 
meantime, it is best to advocate a healthy balanced diet rather than specific vitamin 
supplementation. Importantly, it is also likely that fresh foods (such as fruits and veg-
etables) may have additional “protective” properties that cannot be replicated by 
specific vitamin supplements (82).

20.3.5  Emerging Relationships Between Dietary Folate and Allergic Disease
As noted above, one of the most interesting developments in the allergy field has 

been the recent animal model demonstrating the capacity for dietary folate to alter fetal 
immune development and promote a subsequent asthma phenotype through effects on 



362 Prescott et al.

gene methylation (9). This is the first study to show that that dietary modification in 
pregnancy can alter allergic risk through epigenetic effects. It is often difficult to 
extrapolate from animal studies, and at this stage, the implications for humans are not 
known. It is also not clear if (at all) the common practice of folic acid supplementation 
to prevent neural tube defects, has contributed to the rise in allergic disease (83). Human 
studies are still limited in this context. There is preliminary evidence that folate sup-
plementation in pregnancy is associated with increased childhood wheezing (84), but 
other studies have shown that higher serum folate levels are associated with a lower risk 
of atopy and wheeze (85). It is not clear how variation in folate metabolism conferred 
by genetic polymorphisms (i.e. the MTHFR (C677T genotype) affects these relation-
ships, as the relationships with allergic disease have been conflicting (86, 87). There has 
been an urgent call for more human studies to address these issues.

20.3.6  Role of Dietary Probiotics and Prebiotics  
in the Prevention of Allergic Disease

With the recognized importance of gut microflora in the development of immune 
tolerance, there has been enormous interest in dietary supplements which promote colo-
nization, including (a) health-promoting apathogenic bacteria (probiotics), (b) the fer-
mentable oligosaccharide substrates (prebiotics) which promote their growth, (c) and 
the byproducts of fermentation (postbiotics). Of these, the role of probiotics have been 
most studied for allergy prevention (reviewed in ref. (88)) although there has also been 
some early promise with prebiotics in this context (89, 90).

The rationale for using these products for allergy prevention is based firmly on the 
hygiene hypothesis and on the immunoregulatory properties of enteric microflora 
(reviewed in ref. (91)). This has been further supported by apparent differences in peri-
natal colonization patterns with both the level of industrialization and subsequent aller-
gic outcomes (92, 93).

At present, there are at least 13 published randomized controlled trials of maternal 
and/or infant supplementation with probiotics for the prevention of allergic disease (as 
of July 2009), and at least four others that are still in progress, as recently summarized 
(88). While the initial Cochrane systematic review found a small benefit of probiotic 
supplementation in the reduction of eczema (94), this was performed before the comple-
tion of the majority of the current studies and is currently being revized. Currently, just 
over half of the now reported studies have shown a reduction in eczema ( (95–100), but 
many have not (101–106). Most studies have not shown any reduction in sensitisation, 
food allergy or allergic disease in general. However, while some have shown no overall 
benefits of supplementation, they may have noted a reduction in allergic outcomes in 
subgroups, such as those born by cesarean section (107) or those with maternal sensiti-
sation (102, 105). Long-term outcomes such as allergic rhinitis or asthma have not yet 
been satisfactorily assessed in most of these cohorts, although one study has reported a 
trend for higher rates of asthma and allergic rhinitis in the probiotic group (108) and 
another has reported no effects (107).

There has been considerable heterogeneity in virtually all aspects of these studies, 
including the strains used, the timing and method of administration, the duration of 
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administration, the populations studied and the clinical outcomes measured. This may 
account for the conflicting outcomes between studies (91). It will also continue to 
make meta-analyses both difficult to perform and to interpret. There are likely to be 
differences in the clinical effects between stains as demonstrated by a New Zealand 
study, which found reduced eczema with one strain (Lactobacillus rhamnosus HN001) 
but not another (Bifidobacterium lactis HN019) (98). Lactobacillus rhamnosus strains 
have been among the most commonly used in prevention studies, again with some 
studies showing eczema reduction (95, 97, 98, 100) but others not (103–105, 107, 
109). The duration and timing of treatment has also varied quite substantially with 
postnatal supplementation varying from 1 month (96) to 2 years (98). Most studies 
have included a prenatal treatment period, typically for 4–6 weeks, and there has been 
speculation (102) that studies which included supplementation in pregnancy (95, 
97–99) may have been more likely to show a benefit than those that did not (101, 
104). However, some studies which included antenatal supplementation have not 
shown any benefit (103, 105). One other study did not start probiotic supplementation 
(Lactobacillus F19) until the weaning period (4–13 months of age) and found a 50% 
reduction in eczema (110). Thus, while there has been some evidence of beneficial 
effects of probiotics in the prevention of allergic disease, this has been largely limited 
to eczema and appears to vary with the properties of the strain and a range of other 
host and environmental factors. Further research is needed before any specific recom-
mendations can be made.

The use of prebiotics also holds some promise. These non-digestible, fermentable 
oligosaccharides selectively favor colonization with favorable microflora, particularly 
bifidobacteria (89, 111). This could theoretically have more global effects on coloniza-
tion than supplementing with single strains. Commercial preparations include polydex-
trose, fructo-oligosaccharides, galacto-oligosaccharides and mixtures of these. The first 
study to assess prebiotics in allergy prevention (89, 90) added a mixture of 90% short 
chain galacto-oligosaccharides (GOS) and 10% long chain fructo-oligosaccharides 
(FOS) or a placebo to infant formula that was started around 11 days if mothers decided 
not to breastfeed. There was a significant increase in bifidobacteria and a significant 
decrease in the cumulative incidence of eczema at 6 months of age in the GOS/FOS 
supplementation group compared with the placebo group (89). At 2 years of age, there 
was a significant reduction in the cumulative incidence of eczema, recurrent wheezing 
and allergic urticaria compared with the control group, although a high proportion were 
lost to follow-up (90). Again, further studies are needed before the place of prebiotics 
is clear in allergy prevention.

In summary, while there is no doubt that colonization is essential for the development 
of immune tolerance, the optimal pattern of colonization and how to achieve this are far 
from clear. At this stage, prebiotics, probiotics and combinations of these (synbiotics) 
are still logical avenues to investigate further but there is insufficient data to recommend 
these in clinical practice for allergy prevention. Considerable research is still required 
to understand the inherent complexities of the vast gut microbiome. The effects are also 
likely to vary with individual genetic factors including genetic polymorphisms in host 
microbial recognition pathways, and many other pathways involved in gene–environ-
mental interactions (as discussed further below).
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20.4  GENETIC AND ENVIRONMENTAL INTERACTIONS: 
IMPLICATIONS FOR “INDIVIDUALIzED” INTERVENTIONS

It is now clear that some specific environmental exposures may only contribute to 
disease in individuals with functional genetic polymorphisms in relevant pathways. 
Similarly, the effects of genetic polymorphisms may only be relevant in certain environ-
ments. For example, it has been shown that functional genetic polymorphisms in micro-
bial recognition pathways (TLR2) can confer protection from allergic disease but only 
in the context of high bacterial exposure (112). This may explain apparent inconsisten-
cies between studies conducted under different environmental conditions. Genetic dif-
ferences between individuals (and populations) may also explain some of the differences 
in the effectiveness of microbial interventions (such as probiotics) between studies.

Functional polymorphisms have been identified in the metabolic pathways of other 
dietary candidates including folate metabolism (86) and fatty acid metabolism (113, 
114). These genetic polymorphisms could potentially alter the relationship between the 
environmental exposure and biological effects. At this stage, the relationship between 
these interactions and allergic disease too is not clear. Genetic variants of the fatty acid 
desaturase 1 fatty acid desaturase 2 ( FADS1 FADS2) gene cluster are associated with 
variations in the PUFA in cell membranes (113); however, at this stage, the relationship 
with allergic disease needs to be further investigated. Similarly, the effect of variations 
in folate metabolism conferred by the MTHFR (C677T) genotype are not clear, with 
one study suggesting an association with allergic disease (86) and another unable to 
confirm this (87).

Failure to examine the relative influences and interactions between genetic or envi-
ronmental factors could obscure potentially important causal pathways and could 
account for the many inconsistencies between studies. As these issues are understood 
better it is possible that optimal prevention strategies (for many possible exposures) 
may need to be individualized according to genetic propensity.

20.5  CONCLUSIONS AND PERSPECTIVES

As the source of all nutrients, diet is arguably one the most important environmental 
exposures in both the prenatal and postnatal periods. Maternal dietary exposures in 
utero have implications for most aspects of fetal development and further research is 
required to consolidate the preliminary evidence of effects on the developing immune 
system. In the postnatal period, the gastrointestinal tract is the most critical interface 
between the infant and its new environment, providing the largest exposure to microbial 
products, potential allergens and a broad range of dietary nutrients with immunomodu-
latory properties. These enteric exposures play a major role in the maturation of the 
mucosal immune system and have major implications for the success or failure of sub-
sequent tolerance. Extensive “modernization” has had effects of many of these enteric 
exposures, including changes in colonization patterns and dietary composition. Just as 
no single gene is responsible for disease predisposition, it is equally unlikely that a 
single environmental change is responsible for the rise in disease. Future research strate-
gies should attempt to account for complex multifactorial genetic and environmental 
interactions. We are now beginning to recognize that this may ultimately lead to 
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individualized early interventions that are tailored and targeted according to genetic 
predisposition, but this is still a distant horizon. In the meantime, diet should remain a 
research priority. It is highly likely that dietary strategies will play a major role in future 
strategies to prevent many diseases.
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21 Feeding in the First Month of Life 
and Prevention of Allergy

J. P. Chouraqui

Key Points

Allergic diseases depend on a complex interaction between genetic factors, environ-•	
mental exposure to allergens and gut microbiota.
Allergy results from immune reactions triggered by allergens in the digestive or in •	
the respiratory tract.
The frequency and severity of allergy are increasing.•	
Preventive measures derive from mechanisms implicated in the development of •	
allergy. The easiest intervention process is the reduction of the allergenic load.
Following birth, the primary prevention strategy relies first on the detection of at-risk •	
newborns, that is, with allergic first degree relatives.
In this targeted population, as well as for the general population, exclusive breast-•	
feeding is recommended for 4–6 months.
In the absence of breastfeeding, an hydrolyzed formula is suggested for which foods •	
without allergenicity can be used for feeding at-risk newborns.
Complementary feeding should not be started before the age of 4–6 months, which •	
seems partially efficacious on early allergy.
Probiotics, prebiotics as well as n-3 fatty acids have not yet demonstrated any defini-•	
tive protective effect.

Key Words: Prevention, allergy, diet, breast milk, formula, infant, probiotics.

Allergies are a common and increasing health problem in Western countries as well 
as in developing ones. Allergy can be defined as a detrimental immune-mediated hyper-
sensitivity response to common environmental substances, almost always proteins, 
present in foods, mites, pollens, hairs or feathers of animals and certain medications. 
However, despite the large extent of dietary antigenic exposure, only a small percentage 
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of individuals will develop allergy, and more particularly food allergy (FA), which is 
considered as the first manifestation of childhood allergic disease leading to the  “allergic 
march” (1). The development of food allergy depends on several factors, including 
genetic factors and early exposure to allergenic proteins in the diet, food protein uptake 
and handling and the development of tolerance. Oral tolerance refers to a state of active 
inhibition of immune responses to an antigen by means of prior exposure to that antigen 
through the oral route (2). Several factors can influence tolerance induction. Some are 
antigen-related, and others are inherent to the host and his environment such as the 
intestinal microbiota in early infancy. It is becoming necessary to define the causal 
pathways and develop strategies to avert the process that leads to allergy.

The prevalence of FA in children is considered to be presently at 4–6% (3, 4). The 
clinical manifestations mainly concern the gastrointestinal tract, the skin and/or the 
respiratory tract, which are at the interface between the internal milieu and the envi-
ronment. Approximately 90% of all allergic reactions to foods are caused by eight 
foods: milk, egg, peanuts, tree nuts, fish, soya, wheat and shellfish. The first months 
of life appear to be a critical period during which exogenous stimuli prime the 
immune system.

Due to the well-known clinical course of FA in early childhood (the allergy march), 
the greatest possible impact of primary dietary allergy prevention may be on its 
 development, particularly for cow’s milk allergy (CMA), and atopic dermatitis (AD). 
Although there has been much conjecture on how to influence the infantile immune 
response to reduce the likelihood of allergen sensitization and subsequent allergic dis-
ease, effective specific preventive modalities are still matter of debate. Studies on this 
field are difficult as they need to take into consideration the prevalence of allergy in the 
community, relatives’ allergy status, maternal diet, exposure to environmental allergens, 
parental smoking and other potentially confounding variables.

The role of primary prevention of allergic diseases has nevertheless been reviewed 
by several groups of experts as position papers giving guidelines for developing strate-
gies (5–7). The following review aims at summarizing the recent research contributing 
to the current understanding of dietary interventions for preventing or delaying atopic 
diseases (target population, breastfeeding, hypoallergenic infant formula, introduction 
of solid foods, or specific complementary foods).

21.1  GENETICS PLUS ENVIRONMENT CONTRIBUTE TO ALLERGY

There is a major genetic contribution to allergy and a number of candidate genes have 
been identified for both eczema and asthma (8). Infants with at least one first-degree 
relative (parent or sibling) with documented allergic disease are more likely to develop 
allergic diseases before the age of 7 years (20–40% risk) compared with those with no 
family history of atopy (12% risk) (9). The risk appears to be higher if both parents are 
allergic (40–70%), and the risk is also higher if the mother (rather than the father) has 
allergic disease. The analysis of family history of atopy identifies the “high risk infants”. 
It is easier to perform and seems more efficient than the search for biological markers, 
such as elevated IgE in the umbilical cord (5–13). Moreover, a protective effect of 
breastfeeding on allergic diseases (AD and asthma) has only been established for infants 
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with a family history of allergy (see further on). This way it is possible to define the 
target population likely to benefit from  preventive measures, even if approximately 50% 
of the children suffering from an allergic  disease do not have any family history of atopy 
(14). Genetics alone cannot account for the significant increase in the prevalence of 
allergic diseases during the past decades. A series of complex gene–environment 
 interactions occurring either during pregnancy or during the first few months of life also 
plays a crucial role in determining the time of onset, maintenance, and severity of aller-
gies. Healthy infants typically adopt a type 1 T helper cell (Th1) cytokine profile at 
birth, while atopic infants maintain the type 2 T helper cell (Th2) skewed environment 
normally associated with pregnancy.

21.2 MATERNAL DIET DURING PREGNANCY

Some dietary protein can be detected in the fetal circulation and amniotic fluid (15). 
The fetus seems able to mount an immunologic response to foods and other allergens. 
Occasionally, specific IgE responses to foods and frequently T-cell responses to milk 
and egg proteins and aeroallergens are found in blood samples from fetus and  newborn, 
as well as in some amniotic fluids (16–18) Positive skin tests to peanuts or eggs were 
observed at birth before any direct contact with food (19). These biological activities 
are not always related to the subsequent development of clinical food allergy. 
Nevertheless, very early manifestations of allergy to cow’s milk protein have been 
reported in the form of colitis,which occurs before the third day of life (20). Attempts 
to prevent allergy with maternal allergenic foods avoidance during the third trimester 
failed to reduce food allergy or any other atopic disorder or sensitization from birth 
through 5 years (21–24). In addition, maternal weight gain during pregnancy was com-
promised by such a maternal exclusion diet (25). Although some of the previous guide-
lines (11–13) have suggested that pregnant women should avoid peanuts, a more recent 
study has reported that there is no association between the maternal consumption of 
peanuts during pregnancy and childhood peanut allergy (26). Therefore, the general 
consensus is that there is no reason to follow a specific diet during pregnancy (5–7).

Data about the benefit of an adequate intake of vitamin D during pregnancy are 
inconsistent. Two recent studies reported reduced early childhood wheezing in offspring 
to mothers who had higher compared with lower vitamin D intakes (27, 28) while 
another was suggestive of a greater prevalence of early eczema and asthma in offspring 
to mothers of higher 25-hydroxyvitamin D concentration during pregnancy (28). These 
data as others obtained in adults could suggest that there may be a threshold effect with 
both low and high vitamin D levels associated with elevated IgE  concentration (29).

Maternal diets high in omega-3 Long Chain Poly-Unsaturated Fatty Acids (LCPUFAs) 
during pregnancy have been thought to have a protective effect against the development 
of allergies in the newborn (31). A randomized clinical trial of maternal fish oil sup-
plementation during pregnancy demonstrated a significant decrease in cord blood 
 concentrations of Th-2 cytokines (IL-4 and IL-13) as well as increased levels of oral 
tolerance-inducing TGF-b (32). Recent studies (33–35) showed a protective effect of 
maternal fish intake during pregnancy against eczema and asthma but not on food 
allergy in high-risk infants.
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21.3  ROLE OF HUMAN MILK AND BREASTFEEDING  
ON THE DEVELOPMENT OF ATOPIC DISEASE

21.3.1  Protective Factors
Breast milk provides the most appropriate source of nutrition for the young infant as 

it contains a species-specific mixture of nutrients, but also growth factors and protective 
maternal antibodies. It could be speculated that the presence of food-specific secretory 
immunoglobulin A (IgA) antibodies in breast milk may modulate, perhaps in relation to 
their level, the host immune response to ingested food antigens (36). Such a protective 
effect was demonstrated with mature milk in some (37), but not confirmed by others 
(38, 39). The presence of specific IgA in breast milk should otherwise play a role in 
developing oral tolerance (37). Other immune-modulating breast-milk compounds like 
polyamines, cytokines and TGF-b are also suspected to mediate a protective effect by 
stimulating IgA production, reducing the production of IgE and inducing the  mechanisms 
of oral tolerance (39–43). The concentration of TGF-b in milk from atopic mothers is 
lower than in that from non-atopic ones (43). The level of TGF-b2 in milk from mothers 
who were given a probiotic (Lactobacillus GG) during pregnancy and breastfeeding 
was higher than in milk from those who received placebo (44). At 2 years, the risk of 
eczema in the offspring was 15% in the probiotic group versus 47%. Furthermore, the 
Bifidobacterium-rich microbiota of breast-fed infants stimulate T-regulatory responses 
via the innate immune system and Toll-like receptors (45).

Breast-milk is also rich in LCPUFAs based upon the composition of the mother diet. 
A high omega 3/omega 6 LCPUFAs ratio would favor a Th1 response, while a weak ratio 
a Th2 one (46). Breast milk is usually rich in omega 6, but allergic mothers would have 
a lower level (47). Thirteen children undergoing an AD were consuming milk higher in 
 saturated fatty acids and lower in omega 3 fatty acids than 21 healthy children (48).

Breast milk is a complex food, the composition of which varies from one woman to 
another but also according to the duration of breastfeeding. These variations probably 
explain, at least partially, the contradictory clinical results. On the other hand, it must 
be kept in mind that, as known since over 25 years, most of the food antigens ingested 
by a mother can be detected in her milk and cause clinical problems (49–56).

21.3.2  Breastfeeding
The effectiveness of breastfeeding on the development of atopic disease is controver-

sial because of methodological bias in relating studies with many confounding variables 
(57, 58). In general, owing to ethical considerations these have been nonrandomized, 
retrospective, or observational in design with varying duration of exclusive breastfeed-
ing, and diagnostic criteria for atopic outcomes. Moreover the choice of breastfeeding 
is more common in families with allergic risk, which can lead to a reverse causation.

An early study, published in 1930 (59) enrolling a cohort of 20,000 children, showed 
that the prevalence of eczema at the age of 9 months was seven times lower in breastfed 
children than in those fed cow’s milk. Several studies followed, resumed in two more 
recent meta-analyses (60, 61) reporting a protective effect of exclusive breast feeding 
for 4–6 months on the risk of allergic disease (eczema and asthma) in early childhood, 
mainly in high-risk infants. A review of the literature (62) concludes that more than half 
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of the studies demonstrate a protective role of breastfeeding. This effect is influenced 
by the duration of breastfeeding and maternal allergy status (63). But some studies do 
not confirm the benefits of prolonged breastfeeding (3, 64, 65) and indeed, some even 
suggest that breastfeeding might increase the risk of allergy (66–69). In fact, the higher 
incidence of atopic dermatitis in the breastfed group seems to be the result of a reverse 
causal relationship, thus, mothers whom infants already developed atopic dermatitis or 
were at risk of developing allergy were more likely not only to breastfeed but also to 
breastfeed for a longer period of time. Anyway there is strong evidence that breastfeed-
ing for at least 4 months, compared with infant formula designed with intact cow’s milk 
protein, prevents or delays the occurrence of atopic dermatitis, wheezing and CMA.

21.3.2.1  Atopic Dermatitis

A 2001 meta-analysis of 18 prospective studies among 208 listed ones compared the 
incidence of atopic dermatitis in breastfed infants versus formula-fed infants (60). 
Overall, there was a protective effect of 3 months exclusive breastfeeding (odds ratio 
(OR): 0.68; 95% confidence interval (CI): 0.52–0.88). The stronger effect has been 
shown for infants with a family history of allergy (OR: 0.58; 95% CI: 0.4–0.92), whereas 
no protective effect was seen in children without the risk of developing allergy (OR: 
1.43; 95% CI: 0.72–2.86). Two more recent Swedish studies were contradicting: the first 
one (70) found no effect of exclusive breastfeeding for 4 months on the incidence of 
atopic dermatitis in the first year of life in an infant with or without a family history of 
atopic disease, whereas the second showed that exclusive breastfeeding for more than 4 
months reduced the risk of atopic dermatitis at 4 years of age (OR: 0.78; 95% CI: 0.63–
0.96) (71). The report from the German Infant Nutritional Intervention (GINI) Program 
(72) also demonstrated that exclusive breastfeeding for 4 months in high-risk infants 
reduces the incidence of atopic dermatitis, when compared with breastfeeding with sup-
plemental cow’s milk formula or cow’s milk formula (CMF). The advantages of breast-
feeding are less clear for infants who are not selected for high risk of developing atopic 
disease, as shown in the noninterventional arm of the GINI Program.

21.3.2.2  Asthma

The protective effects of human milk on the development of asthma are also debated. 
As for DA, a 2001 meta-analysis of 12 prospective studies found that exclusive breast-
feeding for at least 3 months decrease the incidence of asthma between 2 and 5 years of 
age (OR: 0.70; 95% CI: 0.60–0.81) (61). It was a more clear-cut effect when the analy-
sis was limited to at-risk children (OR: 0.52; 95% CI: 0.35–0.79). No benefit was 
obtained in children from families without a history of atopic disease (OR: 0.99; 95% 
CI: 0.48–2.03). Conversely, the Cochrane review did not find any benefit of exclusive 
breastfeeding beyond 3 months on the incidence of asthma in families not preselected 
for a history of atopic disease (73). In the Tucson Children’s Respiratory Study (74), a 
cohort of 1,246 children was followed from birth to 13 years of age. During the first 2 
years of life, exclusive breastfeeding was associated with significantly lower rates of 
recurrent wheezing of infancy (OR: 0.45; 95% CI: 0.2–0.9). The risk of developing 
asthma between 6 and 13 years of age was, however, increased in exclusively breastfed 
infants with atopic disease whose mothers had asthma (OR: 5.7; 95% CI: 2.3–14.1). 
Infants whose mothers had asthma were at greatest risk of developing asthma by 13 years 



376 Chouraqui

of age if they had been breastfed exclusively for 4 months (OR: 8.7; 95% CI: 3.4–22.2). 
There was no increased risk of developing asthma in breastfed children of mothers 
without asthma. In a long-term longitudinal study from New Zealand, 1,037 children 
from a general population (not selected for risk of allergic disease) were followed from 
3 to 26 years of age (67). Breastfeeding for more than 4 weeks significantly increased 
the risk of developing asthma at 9 years (OR: 2.40; 95% CI: 1.36–4.6) and at 21 years 
(OR: 1.83; 95% CI: 1.35–2.47), without any relationship to the presence of maternal 
atopic disease. The Canadian Childhood Asthma Primary Prevention Study gave more 
relevant results showing a significant lower prevalence of asthma in a cohort of high-
risk children as a result of a multifaceted intervention that has included encouragement 
of breastfeeding and avoidance of house dust, pets and tobacco smoke (12.9% vs. 
25.0% in the control group; adjusted risk ratio, 0.39; 95% CI: 0.22–0.71) (75).

In summary, breastfeeding seems to decrease the wheezing episode seen in younger 
children (<4 years of age) that are often associated with respiratory infections. At the 
present time, it is not possible to conclude that exclusive breastfeeding does protect 
young infants who are at risk of atopic disease from developing asthma in the long term 
(>6 years of age).

21.3.2.3  Food Allergy

Food allergy, similar to atopic dermatitis and asthma which are more closely associ-
ated with the development of food allergy, is more likely to occur in infants with a fam-
ily history of atopic disease. It is difficult to subsequently sort out the effect of 
breastfeeding on the development of food allergy. Investigations of the role of breast-
feeding on the outcomes 

of allergies to specific foods have been rare, and the results may have been influenced by 
the length and degree of breastfeeding exclusivity, the age of introduction of solid foods and 
the presence of maternal atopic disease. A review of the available studies concluded, in 
2004, that exclusive breastfeeding for at least 4 months in infants who are at risk of develop-
ing atopic diseases was associated with a lower cumulative incidence of CMA until 18 
months of age (76). A previous Cochrane review including only one study concluded that at 
least 4 months of exclusive breastfeeding did not protect against food allergy at 1 year of age 
(73). Overall, firm conclusions about the role of breastfeeding in either preventing or 
delaying the onset of specific food allergies will need further well conducted studies.

21.3.3  Maternal Avoidance of Allergenic Foods During Lactation
Dietary food allergens, including cow milk proteins, peanuts, and egg, at a concentra-

tion of few ng/l, can be detected 1–6 h after being ingested in breast milk (49–56). This 
secretion does not depend on the presence of maternal atopic disease. Up to 6% of high 
risk breastfed infants can develop an IgE sensitisation (77, 78) while food allergy con-
cern 0.004–0.5% of the overall breastfed infants (79–82). In an attempt to reduce the 
incidence of allergy in breastfed infants, it has been thought that maternal dietary avoid-
ance could reduce the secretion of intact food allergens into breast milk (83). Many 
studies have evaluated the effect of maternal food allergen avoidance diets during 
 lactation for preventing atopic disease in high-risk infants and noted significant reduc-
tions in eczema in the maternal diet groups by 3, 6 and 18 months (84, 85), but not at 
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10 years (86). A relatively recent Cochrane review concluded there was insufficient 
evidence that antigen avoidance during lactation was beneficial in preventing atopic 
disease in the breastfed infant, with the exception of atopic dermatitis (25). Considering 
the uncertainty of the effect of lactation diets for primary prevention, it might be feasi-
ble to implement maternal lactation avoidance diets only after individual evaluation of 
each family’s atopic risk and circumstances. In such a case it should be recommended 
that mothers take supplemental calcium (up to 1,000 mg daily) and vitamin D during 
restricted lactation diets.

In summary, although the size of the protective effect of exclusive breastfeeding against 
food allergy is still controversial, breastfeeding for 4–6 months is recommended by most 
experts panel not only because of its likely protective effects against allergic disease in 
early life and but also because of its nutritional and anti-infective properties (5–7). This 
recommendation is consistent with that of the World Health Organization (WHO), which 
advocates exclusive breastfeeding for all infants for at least 6 months. Further studies on 
the late effects of exclusive breastfeeding on allergic diseases are required.

21.4  EFFICIENCY OF HYDROLYZED FORMULA ON PREVENTING 
THE DEVELOPMENT OF ATOPIC DISEASE

The dogma that allergen avoidance would be the main strategy for food allergy 
 prevention leads to the use of hypoallergenic (HA) formula. These formulas are termed 
protein hydrolysates which are either partial or extensive depending on the extent of 
hydrolysis and ultra filtration to which they are subjected. It has previously been 
assumed that allergenicity lessens as hydrolysis and filtration become more extensive 
(87). Partially hydrolyzed formula (phF) contains reduced oligopeptides that have a 
molecular weight of generally less than 5,000 Da, whereas extensively hydrolyzed for-
mula (ehF) contains only peptides that have a molecular weight of less than 3,000 kDa 
(88–90). Significant clinical hypoallergenicity would occur when whey and casein anti-
genic equivalents are reduced approximately 105–106 (91). On the basis of current 
knowledge, in vitro characterization of the size of peptides (molecular weight) or bio-
logical determination of allergenicity cannot predict the immunogenicity or allergenic-
ity of these products, thereby ESPGHAN’s and ESPACI’s panel of experts ask for 
appropriate preclinical testing and above all prospective controlled, randomized, dou-
ble-blind trials (12). As emphasized by expert groups, the evaluation of hypoallergenic 
formula should be made per brand of hydrolyzed formula and not by source of protein 
(casein or whey) because the amount of residual protein but also the results of clinical 
trials may vary considerably between different hydrolyzed products (5, 92). The data 
from the GINI studies were surprising leading to the conclusion that the degree of 
hydrolysis, the resulting molecular weight, and the protein source have little predictive 
value for the immunogenic or allergenic effect or the capacity to prevent the onset of 
allergies suggesting the possibility of a tolerogenic effect of milk peptides in phF on 
early immune competence (93–95).

Most of the more than 60 studies concerning the efficiency of phF and ehF for the 
prevention of atopic disease done over the last 20 years have been conducted on infants 
at high risk of developing allergy. Using very strict criteria, a 2006 Cochrane review 
selected only 14 randomized or quasirandomized trials in term infants in which the use 



378 Chouraqui

of phF or ehF were compared with the use of human milk or an adapted cow milk 
 formula (96). No significant difference in infant allergy or childhood CMA was reported 
in the trials comparing early, short-term (during the stay in the maternity yard), HA 
formula to CMF feeding. No long-term studies have compared hydrolyzed formula to 
exclusive breastfeeding; thereby there is no evidence that the use of such formulas is 
any better than human milk in the prevention of atopic disease. Meta-analysis of ten 
eligible studies comparing prolonged feeding with HA formula in high-risk infants 
found a significant reduction in infant allergy (seven studies, Relative Risk RR: 0.79, 
95% CI: 0.66–0.94) but not in childhood. No differences were observed regarding the 
occurrence of eczema, asthma or rhinitis. Three more studies examined prolonged feed-
ing of ehF compared with phF in 411 infants at a high risk of developing allergy and 
found no difference in the incidence of atopic dermatitis between the two feeding 
groups. Although associated with a similar protective effect as phF, ehF is more expen-
sive, worse tasting and therefore mainly considered a treatment formula for infants with 
established CMA.

The GINI studies are to date the largest randomized trial comparing the effects of 
phF, ehF and cow’s milk formula (CMF) (93–95). They have so far provided the most 
convincing data for a protective effect of phF and ehF on atopic dermatitis, as compared 
with CMF. In the interventional arm of this study, 945 newborn infants were identified 
as being at high risk of developing atopic disease and were enrolled in a longitudinal, 
prospective study through 6 years of age. After initial breastfeeding lasting less than 4 
weeks, infants were randomly assigned to receive either a ph-whey-based formula, or 
an eh-whey-based formula, or an eh-casein-based formula or CMF. The incidence of 
atopic dermatitis was significantly reduced by more than 40% at the age of 1 year and 
3 years and by 30% at 6 years in those using eh-casein-based formula (at 1 year, RR: 
0.42, 95% CI: 0.22–0.79; at 3 years, RR  =  0.53, 95% CI: 0.32–0,88; at 6 years, RR: 
0.79, 95% CI: 0.64–0.97) and the ph-whey-based formula (at 1 year, RR: 0.56, 95% CI: 
0.32–0.99; at 3 years RR  =  0.60, 95% CI: 0.37–0.97; at 6 years, RR: 0.71, 95% CI: 
0.58–0.88) but not the eh-whey-based formula, compared with the incidence in those in 
the CMF group. No significant effect on other allergic manifestations was found. These 
data confirm a long-term allergy-preventive effect of the tested phF on DA. More well-
designed studies are needed to determine if any of the available hydrolyzed formulas on 
the market have any effect on the incidence of atopic disease later in childhood and 
adolescence and whether the relatively modest effects of the use of ehF or phF in early 
childhood can be confirmed and are sustained. Additional studies are also needed 
among unselected infants or infants at low risk.

The preventive effects of amino acid-based formula have never been assessed. The high 
cost of this kind of formula prohibits moreover its widespread use in allergy prevention.

Soy formulas, on the other hand, have a long history of use for treatment of atopic 
disease in infants but also with the aim to prevent it (59). A recent Cochrane review 
based on three randomized clinical trials showed no significant preventive effect of soy 
formula on the development of allergic disease (97). Moreover, over recent years, there 
has been a growing concern about the safety of exclusive soy feeding in infants under 6 
months, as reflected in several position papers which do not recommend its use for the 
purpose of allergy prevention (5–7, 98, 99).
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21.5  ROLE OF IMMUNE-MODULATING MICRONUTRIENTS

Several immune-modulating micronutrients seem to be relevant for the prevention of 
food allergy, including omega-3 long-chain polyunsaturated fatty acids(LCPUFA), 
 several antioxidants and vitamin D.

21.5.1  Omega 3 LCPUFA
A high proportion of omega 6 PUFA in the diet and low intakes of omega 3 PUFA 

have been suggested as risk factors for allergic diseases. Fish oils are particularly rich in 
omega 3 fatty acids, and the potential anti-inflammatory active ingredient in these is 
eicosapentaenoic acid, which may reduce inflammation and favor a Th1 profile. Studies 
reviewed by Heine (100) or Anadan et al. (101) have shown that omega 3 dietary sup-
plementation during pregnancy can modify immune responses in infants and may reduce 
subsequent infant allergy as discussed above. High levels of omega 3 fatty acids in the 
diet have found to be associated with a decreased risk of allergic sensitization and aller-
gic rhinitis and regular fish consumption before the age of 12 months appears to be 
associated with a reduced risk of allergic sensitization to food and inhalant allergens dur-
ing the first 4 years of life. But contrary to these evidences a recent meta-analysis failed 
to identify any consistent or clear benefits associated with use of omega 3 (atopic 
eczema: RR  =  1.10 (95% CI: 0.78–1.54); asthma: RR  =  0.81 (95% CI: 0.53–1.25); 
allergic rhinitis: RR  =  0.80 (95% CI: 0.34–1.89) or food allergy RR  =  0.51 (95%  
CI: 0.10–2.55)) or omega 6 oils (atopic eczema: RR  =  0.80 (95% CI: 0.56–1.16)) for the 
prevention of clinical disease (101).

21.5.2  Antioxidants
The role of antioxidants in the prevention of allergies has recently been reviewed 

(100). Maternal vitamin A intake during pregnancy and the early neonatal period in 
mice reduces the risk of food sensitization. Mediterranean diets, rich in fruits, vegetables, 
olive oil, nuts and subsequently antioxidants, may have positive effects on allergy 
prevention. A study in school children (aged 7–18 years) in rural Crete suggested a 
reduced risk for asthma and rhinitis, whereas no protective effects were found for food 
allergy. No data are available for infants.

21.5.3  Vitamin D
Vitamin D3 is thought to inhibit the maturation of dendritic cells and may impede the 

development of Th1 responses. Data on this topic are inconsistent (27–30). Some have 
proposed an increased occurrence of allergies by high dose of vitamin D supplementa-
tion early in life while others suggest a reduced risk of wheezing in offspring to mothers 
with higher vitamin intake. Methodological limitations in these studies (loss to follow-up 
and residual confounding) might explain these discrepancies; it is also possible that 
the inconsistency reflects dual influences of vitamin D on allergic conditions as 
suggested by the U-shaped relation reported in a recent study (31).
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21.6  ROLE OF INTRODUCTION OF COMPLEMENTARY FOODS  
ON ATOPIC DISEASE

The age when solid foods are introduced to infants has varied greatly during the past 
century. Few studies have examined the timing of the introduction of complementary 
foods as an independent risk factor for atopic disease in breastfed or formula-fed 
infants. In 2001, the World Health Organization issued a revised global  recommendation 
that mothers exclusively breastfeed until 6 months of age. A very important determinant 
of the appropriate age for weaning is the physiological maturity of gastrointestinal and 
renal function. There are concerns, firstly that the high permeability of the young 
infant’s digestive tract may permit large foreign proteins to penetrate and provoke 
immune sensitization. Systematic review of the available evidence suggests that early 
solid feeding before 4 months of age may increase the risk of eczema but there are little 
data supporting an association between early solid feeding and other allergic conditions 
(102). A large German birth cohort study (103) found that a delayed introduction of 
solids (past 4 or 6 months) was not associated with decreased odds for asthma, allergic 
rhinitis, or sensitization against food or inhalant allergens at 6 years of age. The rela-
tionship between the timing of solid food introduction and eczema was not clear. There 
was no protective effect of a late introduction of solids or a less diverse diet within the 
first 4 months of life. However, when children without early skin or allergic symptoms 
were considered, eczema was significantly more frequent in children who received a 
more diverse diet within the first 4 months. Thus although solid foods should not be 
introduced before 4–6 months of age, there is no current convincing evidence that 
delaying their introduction beyond this period has a significant protective effect on the 
development of atopic disease regardless of whether infants are fed cow milk protein 
formula or human milk. This includes delaying the introduction of foods that are con-
sidered to be highly allergic, such as fish, eggs, and foods containing peanut protein. 
The more recent findings may support the concept of a “window period” for tolerance 
induction between 4 and 6 months of age.

21.7  ROLE OF INTESTINAL MICROFLORA IN INFANCY AND 
RATIONALE FOR THE USE OF PROBIOTIC BACTERIA  
IN PREVENTION OF ALLERGIC DISEASES

The gut mucosa constitutes not only the largest internal interface of the body with 
the exterior world but also the largest immune organ of the human body, containing 
approximately 80% of all of the body’s antibody-producing cells. The gut is also 
home to a total of more than 1014 bacteria. This intestinal ecosystem is the result of the 
interrelationship between the intestinal microbiota and the host and plays a decisive 
role in the imprinting of the immune system. During gestation, the fetus develops in a 
sterile environment. Within hours after birth, as the infant is exposed to bacteria from 
the mother herself and from his/her environment, the colonization process begins. 
Several factors can considerably influence the bacterial colonization of the gut. They 
include birth by cesarean section, preterm birth, measures of hygiene, intensive care, 
antibiotics and lack of breastfeeding. Given the effects gut microbial populations have 
on gut immunity, it has been expected that “alterations” in resident intestinal flora 
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might be associated with conditions resulting from altered immune responses. For 
example, increased fecal Bacteroides and Clostridia and lower and atypical 
Bifidobacteria counts have been associated with infants who develop atopic disease 
compared with normal controls. The “hygiene hypothesis” suggests that a lower expo-
sure in early childhood to bacterial and other antigens in industrialized societies has 
led to inadequate development and maturation of immune responses and appears 
responsible for the growing epidemic of asthma and allergies due to inadequate defen-
sive and immune-modulating gut immune diseases. Infants are born with a predomi-
nance of Th2 lymphocyte activity, which predisposes them to an exaggerated response 
to allergens, with increased IgE production. Exposure to intestinal bacteria, on the 
other hand, stimulates Th1 activity. Microbial-gut interactions can improve the integ-
rity of the gut barrier by decreasing intestinal permeability, reducing both adherence 
of potential antigens and their systemic effect, and by modulating immune response 
toward antigen tolerance, thus providing a rationale for the use of probiotic bacteria in 
pediatric populations (104). The expected effects could be mediated via the innate 
immune system (Toll-like receptors), resulting in the promotion of Th1 differentiation, 
production of regulatory cytokines (IL-10 and TGF-b) and enhanced intestinal IgA 
responses, as shown in infants receiving cow’s milk formula supplemented with pro-
biotics (Lactobacillus rhamnosus GG (LGG) and Bifidobacterium lactis Bb-12) (105). 
Perinatal administration of probiotics to mothers in the last weeks of pregnancy and to 
infants in the first few months of life is associated with a significant reduction in atopic 
eczema (100, 106). Nevertheless, results are varied, depending on the probiotic strain, 
dose, timing and food matrix used. Much remains to be learned, and further studies are 
required to maintain the role of probiotics in allergy prevention. Data on the effect of 
probiotics are only that obtained with a FOS/GOS-supplemented hydrolyzed formula. 
Even if the FOS/GOS group demonstrates significantly lower rates of eczema than the 
placebo group, it is unclear to what extent the eczema rate was influenced by provision 
of a hydrolyzed formula.

21.8  CONCLUSIONS AND PERSPECTIVES

Exclusive breastfeeding for 4–6 months, the use of hydrolyzed formulae when 
breastfeeding is not possible or sufficient, and the delayed introduction of complemen-
tary feeding from 4 to 6 months remain the main strategies in primary prevention of 
dietary allergy. Probiotics may prevent food sensitization in the newborn but further 
studies are needed. Additional studies are also needed to document the effect LCPUFA 
supplementation and the long-term effect of dietary interventions in infancy.
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22 In Vitro and In Vivo 
Immunomodulatory and Anti-allergic 
Effects of Agaricus blazei Murill

Masashi Mizuno

Key Points

•	 Agaricus blazei	Murill	extract	appears	to	have	an	effect	on	the	changing	pattern	of	
splenic	lymphocyte	subsets,	particularly	cytotoxic	or	natural	killer	cells.

•	 A. blazei	Murill	extract	contains	potent	Th1	cytokine	producing	constituents.
Oral	administration	of	•	 A. blazei	Murill	extract	down-regulates	serum	IgE	levels	by	
enhancing	Th1	response.

Key Words:	 Agaricus blazei	 Murill,	 anti-allergy,	 immunomodulatory	 activity,	 inter-
feron-g	(IFN-g),	interleukin	(IL),	Th1/Th2	balance,	b-glucan.

22.1  INTRODUCTION

Interest	 in	 the	 medicinal	 characters	 of	 natural	 products	 has	 increased	 due	 to	 their	
popular	use	 in	 traditional	medicine.	Mushrooms	have	recently	become	attractive	as	a	
functional	 food	 and	 a	 source	 for	 the	development	 of	 drugs.	Many	 investigators	 have	
isolated	and	identified	antitumor	polysaccharides	from	mushrooms	(1–5).	The	antitu-
mor	 activity	 of	 these	 polysaccharides	 is	 caused	 by	 the	 potentiation	 of	 the	 immune	
response,	 which	 involves	 lymphocyte	 activation	 (2,	 6).	 Hamuro	 et	 al.	 (7,	 8)	 have	
reported	that	lentinan	containing	in	Lentinula edodes,	a	b	(1→3)	glucan,	mediates	the	
augmentation	of	alloreactive	murine	cytotoxic	T-lymphocytes	and	increases	the	genera-
tion	of	cytotoxic	T-lymphocytes	in	spleen	cells.	Sakagami	et	al.	(9)	have	also	reported	
that	schizophyllan,	a	b	 (1→6)	branched	b	 (1→3)	glucan,	activates	macrophages,	fol-
lowed	 by	 the	 potentiation	 of	 killer	 T-cells	 through	 cytokine	 mediation.	 It,	 therefore,	
seems	that	the	antitumor	polysaccharides	commonly	show	activity	by	stimulating	T-cell	
subsets	in	spleen	cells.
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Agaricus blazei	 Murill	 (Agaricomycetideae)	 (ABM)	 is	 well	 known	 among	 these	
mushrooms.	It	occurs	naturally	in	a	mountain	region	near	Sao	Paulo	in	Brazil	and	has	
become	 popularly	 known	 as	 “Himematsutake”	 in	 Japan.	 Mizuno	 et	 al.	 (4,	 5)	 have	
reported	 that	 polysaccharides	 from	 ABM	 have	 antitumor	 activity	 against	 Sarcoma	
180-bearing	mice.	The	structure	of	the	polysaccharides	includes	b-1,6-glucopyranosyl	
residues	as	a	backbone	(3).	Ito	et	al.	(10)	have	reported	that	macrophage	activation	and	
an	alteration	of	the	third	component	of	complement	is	necessary	for	the	induction	of	an	
antitumor	effect	when	polysaccharides	from	ABM	are	injected	intraperitoneally	into	a	
mouse-implanted	tumor.	In	addition,	it	has	been	reported	that	the	percentages	of	splenic	
Thy1.2-,	L3T4-,	and	asialo	GM1-positive	cells	in	the	T-cell	subsets	were	significantly	
higher	than	those	of	tumor-bearing	mice	treated	with	saline	(11).	Moreover,	the	expres-
sion	of	interleukin	(IL)-12	(a	key	role	in	Th1	differentiation)	and	IL-18	(a	proinflamma-
tory	cytokine	in	enhancing	Th1	immune	response)	mRNA	in	macrophage-like	cell	line,	
RAW264.7,	 stimulated	 with	 a	 polysaccharide	 purified	 in	 ABM	 were	 investigated	 by	
RT-PCR	 in vitro	 (12).	Polysaccharides	from	ABM	changed	the	percentage	of	splenic	
Thy	1.2-	and	L3T4	(CD4)-positive	cells	in	the	T-cell	subsets	in	ABM-treated	mice	(13).	
These	results	were	presumed	that	this	mushroom	possessed	the	ability	of	differentiation	
of	naive	T-cells	into	T-helper	type1	(Th1),	resulting	an	antiallergic	activity.

Allergic	diseases,	such	as	asthma,	allergic	rhinitis,	atopic	dermatitis,	and	food	allergies	
are	 steadily	 increasing	 especially	 in	 industrialized	 countries.	 Key	 factors	 driving	 these	
rising	trends	are	increased	exposure	to	sensitizing	allergens	and	reduced	stimulation	of	the	
immune	 system	 during	 critical	 periods	 of	 development.	 Allergic	 responses	 involving	
	IgE-dependent	 mast	 cell	 degranulation	 and	 eosinophil	 accumulation	 in	 the	 sites	 of	
	inflammation	are	considered	due	to	the	development	and	activation	of	Th2	cells	(14).

The	production	of	two	distinct	cytokine	patterns	recognized	in	subsets	of	Th	is	espe-
cially	 important.	 The	 set	 designated	 as	 Th1	 is	 characterized	 by	 interleukin	 (IL)-12,	
interferon	(IFN)-g	and	IL-2	production,	and	activates	macrophages.	The	Th1	cytokines	
augment	cell-mediated	immunity.	The	other	set,	designated	as	Th2,	is	characterized	by	
IL-4,	-5,	-6,	-10,	and	-13	syntheses	and	Th2	cytokines	promote	humoral	immunity	(15).	
The	representative	cytokines	of	Th2	cells	are	IL-4	and	IL-5.	IL-4	is	the	major	inducer	
of	 class	 switching	 to	 IgE	 biosynthesis	 in	 B-lymphocytes.	 IL-5	 is	 the	 principal	 eosi-
nophil-activating	factor.	On	the	other	hand,	IFN-g,	which	is	a	representative	cytokine	of	
Th1	cells,	is	known	to	suppress	the	development	of	Th2	cells	(16).	Since	it	is	suggested	
that	Th1	and	Th2	types	of	reactions	are	reciprocally	regulated	in vivo,	the	modulation	
of	Th1/Th2	balance,	namely,	shifting	the	balance	from	Th2	to	Th1	dominance,	should	
be	a	strategy	for	the	therapy	of	allergic	diseases	involving	Th2	cells.

Allergic	 reactions,	 especially	 immediate	 type	 allergy,	 are	 genetically	 determined	
disorders	 characterized	 by	 an	 increased	 ability	 of	 B-lymphocytes	 to	 synthesize	 IgE	
antibodies	 toward	ubiquitous	antigens	(allergens)	able	 to	activate	 the	 immune	system	
after	inhalation	or	ingestion	and	after	penetration	through	the	skin.	IgE	antibodies	are	
able	to	bind	to	high	affinity	Fce	receptors	(FceRI)	present	on	the	surface	of	mast	cells/
basophils	(15).	The	mast	cells,	which	are	constituents	of	virtually	all	organs	and	tissue,	
are	thought	to	play	a	major	role	in	the	development	of	many	physiologic	changes	during	
allergic	 responses.	 Among	 the	 preformed	 and	 newly	 synthesized	 inflammatory	 sub-
stances	released	on	degranulation	of	mast	cells,	histamine	remains	the	bestcharacterized	
and	most	potent	vasoactive	mediator	implicated	in	the	acute	phase	of	immediate	type	
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allergy	(17).	Compound	48/80	has	been	used	as	a	direct	and	convenient	reagent	to	study	
the	mechanism	of	the	anaphylactic	reaction	(18).

In	this	chapter,	immunomodulating	effect	on	immunocompetent	cells	in	oral	feeding	of	
hot	water	extract	from	ABM	to	mice	will	be	discussed	with	respect	to	anti-allergic	effects.

22.2  EFFECTS OF ABM EXTRACT ON POPULATION  
OF LYMPHOCYTE T-CELL SUBSETS IN C3H/HE

To	examine	the	immunomodulating	effect	of	AMB	extract,	ABM	extract	was	injected	
directly	 into	 the	 stomach	of	C3H/He	mice.	The	population	of	T-cell	 subsets	 in	 lym-
phocytes	was	analyzed	by	flow	cytometry	after	an	oral	administration	of	ABM	extract	
into	C3H/He	mice	(19).	The	percentages	of	Thy1.2-,	L3T4	(CD4)-,	and	Lyt2	(CD8)-
positive	cells	were	greater	than	those	of	the	controls,	with	increases	of	37.1,	28.9,	and	
38.8%,	 respectively	 (Fig.	 22.1).	 However,	 ABM	 extract	 did	 not	 show	 any	 mitogenic	
activity	 by	 the	 MTT	 method	 using	 spleen	 cells	 or	 any	 changes	 of	 the	 population	 in	
spleen	cells,	suggesting	that	ABM	extract	did	not	have	any	effects	on	the	proliferation	
of	cells.	The	L3T4/Lyt2	ratio	decreased	slightly,	and	 the	Lyt2/Thy1.2	ratio	showed	a	
tendency	to	increase.	These	results	also	suggest	an	increase	especially	in	Lyt2	(CD8)-
positive	cells,	which	are	considered	 to	be	markers	of	cytotoxic	T-cells.	We	have	also	
found	that	an	intraperitoneal	injection	of	ABM	extract	increases	the	number	of	asialo	
GM1-positive	cells,	which	are	considered	to	be	markers	of	natural	killer	T-cells.	Thus,	
ABM	extract	appears	to	have	an	effect	on	the	changing	pattern	of	splenic	lymphocyte	
subsets,	particularly	cytotoxic	or	natural	killer	cells.

Polysaccharides	from	the	mushrooms	have	been	the	focus	of	much	research	because	
they	have	shown	antitumor	activity	against	mice-implanted	tumors.	Also,	it	was	clear	
that	ABM	extract	contained	many	kinds	of	polysaccharides.	Recently,	Mizuno	et	al.	(4)	
have	reported	that	polysaccharides	from	ABM	have	antitumor	activity	and	that	one	of	
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Fig. 22.1.	 Cell	population	of	splenic	T-lymphochte	subsets	after	oral	administration	of	ABM	extraction.	
The	asterisk	indicated	significant	different	from	the	control	group	(p		<		0.01).
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these	polysaccharides	has	a	1,3-	and	1,6-b-glucan	complex	as	the	main	component.	It	has	
also	been	 reported	 that	 the	percentages	of	 splenic	Thy1.2-,	L3T4-,	 and	 asialo	GM1-
positive	 cells	 were	 significantly	 higher	 than	 that	 in	 tumor-bearing	 mice	 treated	 with	
saline	when	polysaccharides	from	ABM	(b-1,6-glucan)	were	administered	(11).	As	the	
number	of	cytotoxic	and	natural	killer	T-cells	are	particularly	increased	in	the	presence	
of	this	polysaccharide,	there	may	be	a	stronger	possibility	not	only	that	the	cancer	cells	are	
attacked	by	these	lymphocytes,	but	also	that	naïve	T-cells	are	differentiated	into	Th1.

22.3  INHIBITION EFFECTS OF ABM EXTRACT ON COMPOUND 
48/80-INDUCED SYSTEMIC ANAPHYLACTIC REACTION

Compound	48/80	has	been	used	as	a	direct	and	convenient	reagent	to	cause	the	ana-
phylactic	reaction	(18).	Oral	administration	of	ABM	extract	vastly	inhibited	the	com-
pound	 48/80	 induced	 systemic	 anaphylaxis-like	 reaction.	 The	 cumulative	 number	 of	
scratching	behavior	for	30	min	in	saline-treated	mice	(control)	was	approximately	2,300	
after	intradermal	injection	of	compound	48/80,	whereas	those	in	ABM	extract	decreased	
to	be	approximately	960	(20).	As	ABM	extract	administration	suppressed	the	cumula-
tive	 number	 of	 scratching	 behavior,	 histamine,	 which	 remains	 the	 best-characterized	
and	most	potent	vasoactive	mediator	implicated	in	the	acute	phase	of	immediate	type	
allergy,	was	measured	in	plasma.	ABM	extract	treatment	suppressed	histamine	release	
to	be	36%	as	compared	with	control.	Moreover,	to	determine	the	effects	of	ABM	extract	
on	degranulation	in	mast	cell,	skin	was	stained	with	toluidine	blue.	The	degranulated	
mast	cells	around	skin	injected	compound	48/80	were	observed,	whereas	ABM	extract	
treatment	suppressed	mast	cell	degranulation.	The	release	of	histamine	from	mast	cells	
by	degranulation	 is	a	prominent	 feature	of	acute	 inflammatory	processes	 such	as	 the	
immediate-type	anaphylaxis	(21).	These	results	suggested	that	ABM	extract	may	inhibit	
the	anaphylaxis	reaction	by	blocking	histamine	release	from	mast	cells.

It	 has	been	 reported	 that	ABM	extract	 contained	 the	 immunomodulatory	polysac-
charide	which	could	elicit	the	production	of	IL-12	and	18	from	macrophages	(12).	As	
IL-12	and	18	are	a	key	role	in	Th1	differentiation	and	a	proinflammatory	cytokine	in	
enhancing	Th1	immune	response	in	macrophage,	ABM	extract	might	possess	the	ability	
of	 differentiation	 of	 naïve	 T-cells	 into	 Th1.	 Moreover,	 polysaccharides	 from	 ABM	
extract	changed	the	percentage	of	splenic	CD4-positive	cells	in	the	T-cell	subsets	(13)	
and	activated	macrophage	to	produce	tumor	necrosis	factor-a	through	toll-like	receptor	
(TLR)	4	(22).	TLR	4	is	one	of	the	very	important	receptors	for	innate	immunity	(23).	
These	evidences	suggested	that	ABM	extract	affected	Th1	and	Th2	balance.

To	investigate	the	immunoregulatory	effect	of	ABSW	on	ICR	mice,	cytokine	produc-
tion	from	splenocyte	stimulated	with	or	without	Concanavalin	A	(Con	A)	in vitro	was	
examined.	INF-g	production	significantly	enhanced	in	the	splenocytes	stimulated	with	
Con	 A	 only	 when	 mice	 administered	 with	 ABM	 extract	 were	 treated	 by	 compound	
48/80	(Fig.	22.2).	However,	in	the	case	of	control,	INF-g	production	did	not	show	any	
difference.	INF-g	is	the	characteristic	Th1-type	cytokine	and	inhibits	Th2	response	(16).	
In	 conclusion,	 it	 was	 ascertained	 that	 ABM	 extract	 inhibited	 the	 degranulation	 and	
	histamine	release	from	mast	cells	in vivo,	and	enhanced	INF-g	production	from	spleno-
cytes	 in vitro.	 These	 findings	 suggested	 that	 ABSW	 contained	 potent	 Th1	 cytokine	
producing	constituents.
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22.4  INHIBITION EFFECTS OF ABM EXTRACT ON DEVELOPMENT 
OF ATOPIC DERMATITIS-LIKE SKIN LESION INDUCED  
BY PICRYL CHLORIDE (PICL) IN NC/NGA

NC/Nga	develops	atopic	dermatitis	(AD)-like	skin	lesions	when	the	mice	are	repeat-
edly	treated	with	PiCl	(24–26).	As	shown	in	Fig.	22.3,	AD	scores	in	the	control	group	
and	 ABM	 group	 after	 the	 eighth	 challenge	 of	 PiCl	 shows	 drastic	 differences	 to	 be	
6.6		±		0.7	and	5.0		±		0.5,	respectively.	It	was	ascertained	that	ABM	extract	inhibited	its	
development.	It	has	been	reported	that	oral	administration	of	Rumex japonicus	Houtt.,	
one	of	the	herbs	used	in	Eastern	countries,	inhibited	the	development	of	AD-like	symp-
toms	and	down-regulates	serum	IgE	 levels	by	suppressing	 the	Th	2	cell	 response	 in	
NC/Nga	 (27).	 It	 has	 also	 been	 reported	 that	 oral	 administration	 of	 persimmon	 leaf	
extract	to	NC/Nga	leads	to	a	suppression	of	the	development	of	dermatitis	and	serum	
IgE	elevation	by	suppressing	the	Th	2	cell	response	(28).	As	shown	in	Table	22.1,	oral	
administration	of	ABM	extract	to	the	PiCl-treated	NC/Nga	similarly	down-regulated	
IgE	levels	(29).

22.5  CONCLUSIONS AND PRESPECTIVES

IgE	synthesis	by	B	cells	is	primarily	regulated	by	cytokines.	Th1	cells	secrete	IFN-g,	
whereas	Th2	cells	produce	IL-4.	IFN-g	is	a	strong	inhibitor	of	IgE	synthesis	and	Th2	
cell	proliferation,	and	induces	differentiation	to	Th1	from	Th0	cells	(30,	31).	IL-4	plays	a	
key	role	in	the	hyperproduction	of	IgE	and	induces	differentiation	to	Th2	cells	(32–	34).	
Therefore,	 it	 is	 believed	 that	 an	 increase	 of	 IFN-g	 shifts	 predominantly	 the	 Th1/Th2	

Fig. 22.2.	 Effect	of	ABM	extract	on	atopic	dermatitis	score	in	NC/Nga.	Typical	pictures	of	criteria	
of	dermatitis	score	in	NC/Nga	after	the	eighth	PiCl	challenge.
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balance	 to	Th1,	and	an	 increase	of	 IL-4	shifts	predominantly	 the	balance	 to	Th2.	To	
examine	the	immunoregulatory	effects	of	ABM	extract	in vivo,	IFN-g	and	IL-4	levels	in	
serum	 were	 determined.	 IFN-g	 levels	 in	 the	 control	 group	 and	 ABM	 group	 were	
147.2		±		52.5	and	292.0		±		31.4	pg/ml,	respectively.	However,	IL-4	contents	were	not	
detected.	Since	IFN-g	 levels	 in	serum	increased	in	ABM	group,	 it	might	be	expected	
that	Th1/Th2		balance	of	spleen	cells	shifted	to	Th1.	Therefore,	 it	was	postulated	that	
ABSW	extract	down-regulated	serum	IgE	levels	by	enhancing	Th1	response.	In	sum-
mary,	 it	 was	 demonstrated	 that	 oral	 administration	 of	 ABM	 extract	 down-regulated	
serum	 IgE	 levels	 by	 enhancing	 Th1	 response,	 and	 suppresses	 the	 development	 of	
AD-like	skin	lesions.
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Key Points

Resveratrol and other bioactive flavonoids play an important role in our health and •	
immune system and could also have beneficial effects against many diseases.
Biological effects of resveratrol and bioactive compounds include those affecting •	
immunity.
Resveratrol and bioactive flavonoids in human immune function are related to •	
chemokines, macrophages, and caspases.

Key Words: Bioactive compounds, resveratrol, flavonoids, immune system.

23.1  INTRODUCTION

Food consists of a complex mixture of a wide variety of components, many of which 
are biologically active. Some components, identified some time ago, have been classi-
fied as nutrients and these are essential for growth, maintenance, and repair of the body. 
More recently, scientists have identified biologically active substances in plants that 
have been proven to have potential beneficial effects on health (e.g., the cholesterol-
lowering effects of phytosterols).

Polyphenols are phytochemical constituents from the secondary metabolism of 
plants that typically occur in small quantities in foods; specifically they can be defined 
as food components that influence physiological or cellular activities and affect health 
as a result. Polyphenols may have activities such as antioxidant activities, wherein multiple 
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compounds may perform the same function or have similar activities. These compounds 
vary widely in chemical structure and function and are grouped accordingly.

Polyphenolic compounds occur widely in the plant kingdom and are present in many 
edible plants. Over the past few years, there has been a growing interest in the research 
field of polyphenols because of the recognition of their antioxidant properties, their 
great abundance in our diet, and their possible role in the prevention of various diseases. 
Moreover, polyphenols, as active substances found in many medicinal plants, modulate 
the activity of a wide range of enzymes and cell receptors (1).

Polyphenols are classified into different groups as a function of the number of phenol 
rings that they contain and of the structural elements that bind these rings to one another. 
They can be divided into flavonoids and non-flavonoids.

23.1.1  Flavonoids
These comprise the most common group of plant polyphenols in various fruits and 

vegetables, with various subclasses.
Flavonols, including mainly quercetin and kaempferol, can be found in such sources 

as onions, curly kale, leeks, broccoli, blueberries, red wine, and tea (2–4). Flavones, 
mainly as glycosides of luteolin and apigenin, are found in edible sources like parsley 
and celery (2, 3).

Isoflavones, structurally similar to estrogens, include genistein, daidzein, and glycitein 
and are present exclusively in leguminous plants (5). Flavanones, represented primarily 
by naringenin, eriodictyol, and hesperetin, are present in high concentrations only in 
citrus fruit (6). Anthocyanidins, which are color-imparting pigments in flowers and 
fruits, include mainly cyanidins and are chiefly present in the skin and flesh of sources. 
Flavanols (catechins and proanthocyanidins) exist in both the monomer form (catechins) 
and the polymer form (proanthocyanidins). Catechin and epicatechin are the main flavanols 
in fruit, whereas gallocatechin, epigallocatechin, and epigallocatechin gallate (EGCG) 
are found in certain seeds of leguminous plants, in grapes, and more significantly in tea 
(7, 8). In contrast to other classes of flavonoids, flavanols are not glycosylated in foods.

Proanthocyanidins, which are also known as condensed tannins, are dimers, oligom-
ers, and polymers of catechins that are responsible for the astringent character of fruit 
and beverages.

23.1.2  Non-Flavonoids
This group generally includes simple phenols (tyrosol), phenolic acids and aldehydes 

(derivatives of benzoic and cinnamic acids), hydrolysable tannins (gallotannins and ellagitan-
nins), phenylacetic acid/acetophenone, hydroxycinnamic acids (p-coumaric, caffeic, ferulic, 
and sinapic acids), coumarins (scopoletin, esculin), benzophenones (maclurin), xanthones, 
chalcones (chalconaringenin), lignans (secoisolariciresinol), and secoiridoids (oleuropein).

Stilbenes also belong to a group of non-flavonoids. The most important and studied 
compound of stilbenes is resveratrol (3,5,4¢-trihydroxystilbene), which is present in low 
quantities in the human diet and exists in its glucosilated form and in cis and trans 
forms. It is predominantly found in grapes and grape products like red wine (9–11). 
Other natural sources of resveratrol include peanuts, mulberries, blueberries, cranberries, 
bilberries, turmeric, and hops (12–14) Table 23.1.
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The purpose of this section is mainly to deal with the effect of resveratrol and other 
bioactive compounds such as flavonoids on the immune system, and to provide a 
close look at the recent studies and scientific evidences that support their differing 
biological and health effects on our biological system, specifically the immune system 
Table 23.2.

23.2  IMMUNOMODULATING FUNCTIONS OF RESVERATROL

Resveratrol (3,5,4¢-trihydroxystilbene) is a phytoalexin produced naturally by plants 
including red grapes, peanuts, and various berries with anti-inflammatory and antioxi-
dant activities. Many studies have suggested that resveratrol can have a potent effect on 
the human immune system and this is supported by the following evidences.

Resveratrol inhibits the expression of vascular endothelial growth factor (VEGF), 
matrix matalloproteinases (MMP-3, MMP-9) and cyclooxygenase-2(COX-2) in human 
articular chondrocytes stimulated by the pro-inflammatory cytokine interleukine 
(IL-1b) through its actions on the nuclear factor-kB (NF-kB) pathway in human 
chondrocytes (15). According to an in vitro study, resveratrol seems to be an effective 
anti-inflammatory agent and has a chondroprotective capacity through suppression of 
(a) IL-1b (b) reactive oxygen species (ROS) and (c) tumor suppressor protein p53-
production (16).

Cultures of human chondrocytes treated with 100 mM of resveratrol reduced the 
IL-1b-induced inhibition of the expression of cartilage-specific collagen type II and 
signal transduction receptor beta1-integrin in a time-dependent manner and abolished 
the activation of caspase-3 and poly(ADP-ribose) polymerase (PARP) cleavage (17).

Resveratrol has the ability to reduce superoxide anion production by phagocytic leu-
kocytes in response to many chemotactic peptide formylpeptide receptors (FPR), and A 
beta42, an Alzheimer’s disease-associated peptide and a ligand for the FPR variant 
(FPRL1), and reduces the phosphorylation of extracellular signal-regulated kinase 
(ERK1/2) and the activation of NF-kB induced by FPR agonists (18).

When the concentration of resveratrol used is over 2.5 mg/L, especially 10 mg/L, the 
proliferation and transformation rate of human peripheral blood T lymphocytes 
(hPBTCs) decreased significantly, and its combination at a given concentration with 
cyclosporine A can enhance immune suppression (19).

Using immune response models, one in vitro study suggested that resveratrol pro-
duces a biphasic effect on the anti-CD3/anti-CD28-induced development of both 
Interferon-g (IFN-g), IL2- and IL4-producing CD8+ and CD4+ T cells, with stimulation 
at low and suppression at high resveratrol concentrations, with a similar trend for both 
cytotoxic T lymphocytes (CTL) and natural killer (NK) cell cytotoxic activity, thus 
participating in several immune cell functions (20).

Resveratrol at 10−4  M inhibited (69%) the PHA-stimulated Peripheral Blood 
Mononuclear Cell (PBMC) proliferation. At 10−4  M, resveratrol strongly inhibited 
PHA-stimulated IFN-g and tumor necrosis factor-a (TNF-a) release from PBMC, but 
it did not cause inhibition at 10−5 or 10−7  M. Resveratrol, typically present in red wine 
at about 10−5  M, is unlikely to cause inhibitory immune effects, but low concentrations 
of resveratrol are capable of stimulating the immune system (21).
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23.3  FLAVONOIDS AS IMMUNOMODULATORS

As mentioned earlier, flavonoids are plant chemicals with potent antioxidant properties. 
In autoimmune diseases, flavonoids are known to reduce inflammation and oxidative 
stress, promote healing of nerves and blood vessels and repair skin damage. Flavonoids 
have been referred to as “nature’s biological response modifiers” or immunomodulators 
because of their ability to modify the immune system’s reaction. Immunomodulators are 
used to strengthen the immune system and help it function properly (22).

23.3.1  Flavonols
Generally, humoral (Th-1)-derived cytokines such as IL-2, IFNg, and IL-12 promote 

cellular immunity while cellular (Th-2)-derived cytokines such as IL-4, IL-5, IL-6 exert 
negative effects on cellular immunity while upregulating humoral immunity. In this 
context, mast cells that participate in allergies also have an effect on immunity and 
inflammation by secreting proinflammatory cytokines. Flavonols confer beneficial 
effects on these complications. These compounds, in association with other  therapeutical 
molecules, could be a possible treatment for neurological diseases mediated by mast 
cell degranulation or mast cell-derived allergic inflammatory diseases.

Kempuraj et al. (23) proposed that quercetin, kaempferol, myricetin, and morin (0.01, 
0.1, 1, 10 or 100 mM) showed inhibition of IL-6, IL-8, and TNF-a by 82–93% at 100 mM 
quercetin and kaempferol, and 31–70% by myricetin and morin through the suppression 
of intracellular calcium ion elevations and protein kinase C-q (PKC-q) signaling in a 
dose-response manner in human umbilical cord blood-derived cultured mast cells (hCB-
MCs). Another study suggested that quercetin (10–50 mM) could dramatically inhibit 
mast cell tryptase and IL-6 release and HDC (Histidine decarboxylase) mRNA transcrip-
tion by HMC-1 (human mast cell) cell line (24). Moreover, quercetin decreased the gene 
expression and production of TNF-a, IL-1b, IL-6, and IL-8 in HMC-1 cell and attenu-
ated activation of NFkB and p38 mitogen-activated protein kinase (25).

Mast cell Fc immunoglobulin E receptors (FcvarepsilonRI) linkage by multivalent 
antigen triggers the secretion of granule-stored mediators and cytokines, including IL-6. 
Quercetin (1–100 mM) inhibited IL-1-induced IL-6 secretion, p38, and PKC-q phospho-
rylation in a dose-dependent manner and also blocked both IL-6 secretion and two key 
signal transduction steps involved in this mechanism (26, 27).

The toxicity of chemotherapeutic drugs toward normal cells is a serious side effect 
of cancer treatment. It has been shown that quercetin, while incapable of inducing 
apoptosis in normal cells under several conditions, could interfere with effector T cell 
function (27).

It is well known that Granulocyte-macrophage colony-stimulating factor (GM-CSF) 
activates the host immune system. In the PC-3 cell, kaempferol and quercetin could 
result in the recruitment of dendritic cells (DCs) to the tumor site by stimulating 
GM-CSF production without affecting its mRNA levels (28).

Quercetin significantly induces the gene expression as well as the production of Th-1-
derived IFN-g and downregulates Th-2-derived IL-4 by normal PBMC. Also quercetin could 
increase the phenotypic expression of IFN-g cells and decrease IL-4 positive cells (29).

The inhibitory effects of quercetin on leukotriene synthesis (5-LO effect) and of 
 catechins on prostaglandin synthesis (CO effect) may account for the anti-inflammatory 
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effects of flavonoids. In addition, flavonoids also inhibit cyclic nucleotide phosphodi-
esterases, but are more selectively inhibitory of cyclic guanosine monophosphate 
(cGMP) breakdown than that of cyclic adenosine monophosphate (cAMP). Higher lev-
els of cGMP are known to increase lymphocyte proliferation and function, whereas high 
levels of cAMP decrease proliferation and function.

Quercetin 0.5–50 mmol/L markedly increased the amount of cGMP in the human 
umbilical vein endothelial cell (HUVEC) stimulated by thrombin and activated plate-
lets. Quercetin also inhibited the release of ET (endothelin) from unstimulated HUVEC, 
but increased the production of cGMP from unstimulated EC (30).

Quercetin in excess of 100 mM inhibited the phorbol-induced respiratory burst with 
decreased production of superoxide anion and H

2
O

2
 (31, 32). Presumably, quercetin, by 

inhibiting myeloperoxidase activity, affects its hypochlorous acid scavenging activity (32). 
Moreover, the production of oxidants by neutrophils treated with g-interferon, IL-1, or 
tumor necrosis factor was also inhibited by flavonoids in a dose-dependent manner (31). In 
addition, quercetin inhibited the phosphorylation of neutrophil proteins (33), degranulation, 
and the release of lysosomal enzymes in zymosan-activated neutrophils (34). In another 
study, quercetin tended to decrease the antigenic stimulation of CTL (35), alloantigenic 
specific T lymphocytes (36) and also inhibited NK cell-mediated cytolysis (37).

One recent study in PBMC showed that quercetin reduced, in a dose-dependent 
 manner, the proliferation of PBMC and modulated the level of IL-1b and TNF-a 
released by PBMC in the culture supernatants. It also reduced the MMP-9/TIMP-1 ratio 
(38) (tissue inhibitors of MMPs).

Other flavonols also have anti-inflammatory properties by inhibiting the production 
of TNF-a and nitric oxide along with other important proinflammatory factors. 
Treatment with 10 mM of kaempferol significantly inhibited activation of NF-kB p65 
elicited by ultra violetB (UVB) irradiation in normal human epidermal keratinocytes 
(NHEKs). It decreased expression patterns in protein-encoding genes involved in 
inflammatory and immune responses, such as CD68 antigen, interferon (a, b, w) recep-
tor 1, nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/p100), 
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor beta, inter-
feron alpha-inducible protein (clone IFI-15 K), interferon-induced protein with tetratr-
icopeptide repeats 3, Toll-like receptor adaptor molecule 1 and signal transducer and 
activator of transcription 3 (acute phase response factor) (39). Kaempferol blocked 
TNFa-induced translocation of the NF-kB subunit p65 from the cytoplasm to the 
nucleus in mouse primary calvarial osteoblasts (40) and down-regulated iNOS and 
TNFa expression via NF-kB inactivation in aged rat gingival tissues (41).

Kaempferol exhibits strong radical-scavenging activity (42) and inhibits the forma-
tion of superoxide anion radicals by xanthine oxidase (43). Chemical stress-induced 
ROS production is decreased by kaempferol in various cell types (44, 45). Kaempferol 
has also been shown to have cytoprotective and anti-apoptotic activities (44, 45) and to 
inhibit damage to DNA by certain hormones (46) and H

2
O

2
 (47).

23.3.2  Flavanones
Like flavonols, flavanones participate as cytotoxic, chemopreventive agents and are 

well-established bioactive compounds.
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Naringenin, one of the most abundant flavonoids in citrus fruits, has been shown to 
inhibit in vitro growth of human cancer cells. In human leukemia THP-1 cells, narin-
genin treatment inhibited THP-1 cells accompanied by mitochondria dysfunctions, 
activation of caspases, inactivation of the phosphatidylinositol 3-kinase (PI3K/Akt) 
pathway, inducing apoptosis, downregulation of B-cell lymphoma (Bcl-2), upregulation 
of Bcl-2-associated X protein (Bax), and growth PARP cleavages in a concentration-
dependent manner (48).

Hesperidin, a citrus flavanone, possesses chemopreventive efficacies that could sup-
press the production of prostaglandin E2 (PGE2), nitrogen dioxide (NO

2
), and the 

expression of iNOS protein and COX-2 inhibitor, which might be related to anti-inflam-
matory and anti-tumorigenic efficacies (49).

As promising bioactive compounds against hyperlipidemia and lipid biosynthesis, 
aglycones such as naringenin and hesperetin exhibited the growth arrest of human 
preadipocyte cell line acute myeloid leukemia (AML-1) cells, anti-apoptotic proteins 
such as p-Akt, NF-kB, and Bcl-2 were decreased, and the pro-apoptotic protein Bad 
was accumulated, while expression of Fatty Acid Synthase (FAS) and Peroxisome 
Proliferator Activated Receptor (PPAR)-g was enhanced in naringenin-treated cells 
(50).

23.3.3  Flavones
Flavones can modulate immune responses and inflammatory reactions by controlling 

the production of nitric oxide (51).
According to Nicholas et al. (52), apigenin inhibits in vivo lipopolysaccharide (LPS)-

induced TNF and also modulates the immune response. In addition, apigenin inhibits 
the production of proinflammatory cytokines IL-1b, IL-8, and TNF in LPS-stimulated 
human monocytes and mouse macrophages by inhibiting the transcriptional activity of 
NF-kB. In another study, apigenin inhibited the production of nitric oxide and prostag-
landin E(2) by suppressing the expression of inducible nitric oxide synthase and 
cyclooxygenase-2  protein, respectively, and also suppressed p38 MAPK, c-JNK phos-
phorylation (53).

Chrysin, in an in vitro study (54), shut down the Stem Cell Factor (SCF/c-Kit) 
complex-induced signaling cascade that confers hematopoiesis, melanogenesis, and 
gametogenesis.

Likewise, luteolin at 25, 50, or 100 mM inhibited LPS-induced COX-2 protein 
expression. Both luteolin and chrysin suppressed LPS-induced PGE2 formation. 
Luteolin also inhibited xanthine/xanthine oxidase-generated superoxide formation at 
100 mM (55). Luteolin inhibited LPS-induced PGE synthesis, and moreover, mRNA 
and protein expression of COX-2 and prostaglandin E synthases (mPGES-1) in 
RAW264.7 cells were also decreased by luteolin (56). Luteolin, fisetin and apigenin 
were found to ameliorate allergic symptoms by being the strongest inhibitors of both 
IL-4 and IL-13 production by basophils but they did not affect leukotriene C4 synthesis. 
At higher concentrations, these flavonoids suppressed IL-4 production by T cells (57). 
Luteolin and quercetin, as scavengers of H

2
O

2
 and inhibitors of O

2
, were as potent as 

genistein, having a moderate effect. Quercetin and luteolin were potent in inhibiting 
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lipid peroxidation induced by FeCl
2
, while genistein had a very weak inhibitory effect. 

The magnitude of the quenching effect on 8-hydroxy-2¢-deoxyguanosine (8-OHdG) 
formation induced by UV light  irradiation was in the order of genistein  >  luteo-
lin  >  quercetin (58).

Tangeretin and nobiletin in human breast cancer cell lines inhibited proliferation in 
a dose- and time-dependent manner, and proved to be cytostatic by suppressing cell 
cycle arrest at G1 without apoptosis. Such an agent could be expected to spare normal 
tissues from toxic side effects (59). The results of a study in human carcinoma cells 
revealed that the tangeretin inhibition of IL-1b-induced COX-2 expression, at least in 
part, was mediated through the suppression of NF-kB transcription factor as well as 
through  suppression of the signaling proteins of mitogen-activated protein kinases 
(p38 MAPK), c-Jun amino-terminal kinases (JNK), and Phosphoinositide 3-kinases 
(PI3K) (60).

Baicalein suppressed hypoxia-inducible factor-1 (HIF-1) alpha protein and activation 
as well as the expression of hypoxia-responsive genes by inhibiting the ROS and PI 
3-kinase/Akt pathway (61).

23.3.4  Flavanols
Because of its anti-inflammatory and immunomodulatory activities, EGCG, a com-

ponent of green tea catechin, has attracted attention in recent years. It is well known that 
dendritic cells (DCs) are professional antigen-presenting cells that play key roles in the 
activation of T-cell-mediated immune responses.

EGCG induced immunosuppressive alterations on human monocyte-derived den-
dritic cells (MoDCs) both by suppression of cell surface molecules like CD83, CD80, 
CD11c, and the major histocompatibilty complex (MHC class II) and by the induction 
of apoptosis (62).

As described above, mast cells are multipotent effector cells of the immune system. In 
a study of HMC-1 cell line, EGCG treatment reduced expression of integrins like a5 and 
b3 and a chemokine, monocyte chemoattractant protein-1 (MCP-1), resulting in a lower 
adhesion of mast cells and hence decreased potential to favor monocyte recruitment (63).

Supporting the above statement, another in vitro study with human peripheral blood 
cells revealed that the mechanism by which catechin, especially EGCG, exerted its anti-
inflammatory effects was due to the downregulating CD11b expression on CD8+ T cells 
and, in consequence, the inhibiting infiltration of these cells into the sites of inflamma-
tion (64). Another important study indicated that the pretreatment or co-treatment of 
human PBMC or murine lymphnode cells with EGCG significantly reduced SEB-
induced proliferation and IL-2, IFN-g, and TNF-a production, suggesting its role as a 
useful addition to current treatments for enteric immune disorders and T cell-driven 
immunopathologies (65).

The homeostatis of monocytes is crucial for immune responses, as they are the 
main effector cells of the immune system. In this context, EGCG and epicatechin 
gallate-induced apoptosis of monocytes and also apoptotic caspases 3, 8, and 9 were 
dose-dependently activated by EGCG treatment, making them valuable as an anti-
inflammatory agent (66).
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EGCG pretreatment (20–80 mM) of normal human bronchial epithelial (NHBE) cells 
suppressed the cigarette smoke condensate (CSC)-induced phosphorylation of IkBa, 
and activation and nuclear translocation of NF-kB/p65, along with downregulation of 
NF-kB-regulated proteins cyclin D1, MMP-9, IL-8 and iNOS. Furthermore, EGCG also 
inhibited the CSC-induced phosphorylation of ERK1/2, JNK and p38 MAPKs (67).

In studies on nonspecific immunological responses, Busse et al. (34) demonstrated 
that the release of oxidants by phagocytosizing neutrophils was suppressed by flavo-
noids such as quercetin and catechin. Similarly, Daniel et al. (68) demonstrated that 
catechin inhibited CO activity and PGE2 secretion in macrophages (35, 69), thus 
equating macrophage activity with the release of oxidants and PGE2 synthesis. The 
cGMP level in macrophages increased at low levels of catechin; but with further 
increases in the catechin concentration, the level of cGMP peaked and then declined 
precipitously. A concurrent increase in IL-1 secretion was observed at high cGMP 
levels (35).

Melanin, an endogenous pigment which scatters and absorbs UV light, protects 
human skin against UV radiation. Upon sun exposure, pigmentation is enhanced by 
stimulated synthesis of melanin in the epidermal melanocytes (suntan), and a cascade 
of photo-induced chemical and biological reactions takes place in the target tissue. 
The chemical reaction cascade leads to cellular biochemical responses including 
modified gene expression, impact on kinase-dependent signaling pathways, immune 
and inflammatory events, or induction of apoptosis. Polyphenols attracted attention as 
protective agents against UV-induced damage. EGCG has been shown to exert anti-
inflammatory effects on inflammatory skin conditions. The topical application of 
EGCG may improve atopic dermatitis (AD)-like skin lesions by suppressing migra-
tion inhibitory factor (MIF) and T helper 1 cytokines (TNF-alpha, IFN-gamma, IL-2 
and IL-12). It is suggested that EGCG may be a potential therapeutic modality for AD 
(70). In another study, topical application of EGCG (3 mg/mouse/3 cm2 of skin area) 
caused the  prevention of UV-B-induced infiltrating leukocytes, specifically the 
CD11b  +  cell type, myeloperoxidase activity, a marker of tissue infiltration of leuko-
cytes, antigen-presenting cells, and oxidative stress by UV-B-induced immunosup-
pression and  photocarcinogenesis (71).

Oligomers are potent stimulators of both the innate immune system and early 
events in adaptive immunity. In a recent in vitro study with human PBMC treated with 
0.7 g of semi-purified cocoa extract, it was found that long-chain flavanol fraction 
(LCFF) and short-chain flavanol fraction (SCFF), in the absence of LPS, stimulated 
the production of GM-CSF. In addition, LCFF and SCFF increased the expression of 
the B cell markers CD69 and CD8 (72). In another study, PBMC from 14 healthy 
subjects were treated to individual CFP fractions for 72 h. The intermediate-sized 
CFP fractions (tetramers through octamers) were the most active on resting cells, 
causing a three to fourfold increase in TNF-a while the monomers and dimers were 
the least stimulatory, displaying a 42% and 31% increase, respectively, whereas the 
trimers, nonamers and decamers showed an intermediate stimulation of this cytokine 
as compared to baseline control. In the presence of PHA, the intermediate-sized CFP 
fractions enhanced TNF-alpha secretion in the range of 48–128% relative to the PHA 
control, lending support to the concept that CFP can be immunomodulatory (73). A 
study with 13 healthy subjects having low baseline levels of transforming growth 
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factor beta(1) (TGF-beta(1)), when treated with individual FP fractions (25 mg/ml), 
enhanced TGF-beta(1) release in the range of 15–66% over baseline (monomer, 
dimer, and tetramer). Pentamers were more effective at augmenting TGF-beta(1) 
secretion than hexamers, with the monomers and dimers inducing the greatest 
increases (66% and 68%, respectively) (74).

In an in vitro study, normal human peripheral blood lymphocytes (PBL) treated with 
cacao liquor polyphenol (CLP 25–100 mg/ml) expressed an inhibition of both hydrogen 
peroxide and superoxide anion and also inhibited the mitogen-induced proliferation of 
T cells and polyclonal Ig production by B cells in a dose-dependent manner. CLP treat-
ment inhibited both IL-2 mRNA expression of and IL-2 secretion by T cells (75). 
According to one study, epicatechin conjugates derived from grape polymeric flavanols 
showed antioxidant and immunopharmacological activity. In this study, (−)-epicatechin 
and its related compounds inhibited the production of IL-1b and IL-6 in whole blood 
incubated in the presence of Escherichia coli LPS (76).

Pretreatment of red wine on human healthy mononuclear cells promoted the in vitro 
release of regulatory IL-12, proinflammatory (IL-1b and IL-6), and anti-inflammatory 
(IL-10) cytokines as well as that of immunoglobulins IgA and IgG from B cells (77).

The zeta chain-associated 70-kDa zinc finger antiviral protein (ZAP-70) of tyrosine 
kinase played a critical role in T cell receptor-mediated signal transduction and the 
immune response. A study proposed that ZAP-70 activity was inhibited specifically by 
EGCG, which contributed to suppressing the CD3-mediated T cell-induced pathways in 
leukemia cells (78).

23.3.5  Anthocyanins
Anthocyanidins are present in many pigmented fruits and vegetables, and possess 

antioxidant, anti-inflammatory, and antiangiogenic properties.
Delphinidin treatment of different human cell lines resulted in a dose-dependent 

induction of apoptosis and the arrest of cells in G(2)-M phase and also dose-dependent 
decrease in (a) phosphorylation of IkB kinase gamma (NEMO), (b) phosphorylation of 
NF-kB inhibitory protein IkBa, (c) phosphorylation of NF-kB/p65 at Ser(536) and 
NF-kB/p50 at Ser(529), (d) NF-kB/p65 nuclear translocation, and (e) NF-kB DNA 
binding activity (79). In another in vitro study, delphinidin inhibited serum and vascular 
endothelium growth factor-induced bovine aortic endothelial cells (BAECs) prolifera-
tion triggered by ERK-1/-2 activation, through the suppression of cell progression by 
blocking the cell cycle in G(0)/G(1) phase (80).

Chang liver cells represent nonmalignant human cells of epithelial origin. Grape 
seed proanthocyanidin extract (GSPE-25 mg/ml) showed an increased expression of 
Bcl-2 in the chang liver cells; however, there was a significant decrease in the expres-
sion of other cell cycle-related genes such as p53 and c-myc in these cells following 
treatment with GSPE (81). As mentioned earlier, solar ultraviolet radiation-induced 
oxidative stress has been implicated in various skin diseases. Treatment of NHEK 
with GSPs inhibited UVB-induced hydrogen peroxide (H

2
O

2
), lipid peroxidation, 

protein oxidation, and DNA damage and scavenged hydroxyl radicals and superoxide 
anions. The antioxidant defense components, such as glutathione peroxidase, cata-
lase, superoxide dismutase, and glutathione, were also inhibited by GSPs along with 
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the inhibition of UVB-induced phosphorylation of ERK1/2, JNK, and p38 and UVB-
induced activation of NF-kB/p65 (82).

23.3.6  Isoflavones
Estrogen, as an immune-modulating hormone, could play a role in postmenopausal 

condition and aging. Isoflavone (71.6 mg isoflavones derived from 706 mL soymilk/d 
plus a placebo supplement or 70 mg isoflavones in a supplement plus 706 mL cow 
milk/d) intervention in postmenopausal women resulted in higher B cell populations and 
lower plasma concentrations of 8-hydroxy-2-deoxy-guanosine, an oxidative marker of 
DNA damage (83).

Monocytes or whole blood from postmenopausal women, treated with soy  isoflavones 
genistein and daidzein (10–1,000 nM), tamoxifen (10–1,000 nM), or 17b-estradiol 
(0.1–10 nM) inhibited LPS-stimulated TNF-a production up to 55.8%. Serum levels of 
TNF-a decreased by 25.1% (27.2  ±  10.3 pg/ml) and 66.7% (11.6  ±  5.3 pg/ml) after 
2- and 10-weeks soy consumption, respectively. A decrease of 56.6% and 14.4% in 
serum IL-1a and the mean percentage of blood monocytes was also reported, indicating 
the immune modulatory properties of isoflavones (84).

Isoflavones, such as daidzein, are thought to possess vasculoprotective properties, 
perhaps through a mechanism similar to estrogen. Daidzein (0.2 mg/kg per day sc) and 
17b-estradiol (0.1 mg/kg per day sc) enhanced endothelium-dependent relaxation 
through an increase in eNOS activity associated with the decreased expression of caveo-
lin-1 and an increased expression of calmodulin in endothelial cells (85).

Formononetin, a phytoestrogen, and its metabolites, daidzein and equol, significantly 
increased IL-4 production by the increased activation of AP-1 through the PI3-K/PKC/
p38 MAPK signaling pathway from both CD4+ T cells and EL4 cells in a dose- 
dependent manner (86).

Adding more evidence for phytoestrogens, including isoflavones and lignans as an 
immunomodulator, one study showed that genistein, daidzein, and its metabolite equol 
were potent inhibitors of leukocyte functions. Genistein (10 mM) had the capability to 
decrease proliferation, lytic activity of NK cells, and cytokine secretions and could act 
as a sensitive marker of immune functions (87).

An epidemiologic study also supported the immune modulating role of soy isofla-
vones. Infants who were fed a soy protein isolate-based formula have immunization 
responses similar to breast-fed infants. Newborn term infants assigned randomly to soy 
formula groups with and without added nucleotides (n  =  94, n  =  92) demonstrated 
immune cell status similar to human milk/formula-fed infants, consistent with normal 
immune system development. The addition of nucleotides to soy formula tended to 
increase numbers and percentages of T cells and decreased numbers and percentages of 
NK cells (88).

23.3.7  Other Flavonoids
Amentoflavone, a biflavonoid from Biophytum sensitivum, in an in vitro study 

elevated the production of interleukin-2 and interferon-gamma and enhanced NK cell 
activity in normal (42.8% cell lysis) and tumor-bearing animals (48.2% cell lysis) (89).
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23.4  CONCLUSIONS AND pERSpECTIVES

From the above discussion and scientific evidences, it is clear that resveratrol and 
other bioactive flavonoids could play an important role in our health and immune 
 system and could also have beneficial effects against many diseases. But there is also 
evidence that much research needs to be done in order to identify the biology of each 
important bioactive compound and its effect on health. With the advent of contemporary 
and powerful methodologies for conducting applied and basic science, rapid progress 
can be made in understanding the functional importance of each bioactive compound. 
Determining the biological effects of these compounds requires more in vitro or in vivo 
experiments that must be correlated to a health outcome. Acute and chronic effects, and 
direct and indirect effects, need to be studied and the mechanisms of action must be 
delineated. Moreover, it will be important to assess possible interactive effects with 
other dietary nutrients/dietary constituents that may potentiate or antagonize functions 
of these bioactive compounds. To accomplish this task, research integrating various 
scientific disciplines is required, culminating in well-designed large intervention trials 
with the compound(s) of interest.
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Key Points

A wide variety of active phytochemicals have been found to have therapeutic •	
 applications against genetically and functionally diverse viruses.
The antiviral mechanism of these agents may be explained on the basis of their •	
 antioxidant activities, scavenging capacities, the inhibition of DNA, RNA synthesis, 
or the blocking of viral reproduction, etc.
Numerous epidemiological and experimental studies have revealed that a large •	
number of phytochemicals have promising antiviral activities. Especially in the last 
decade, a number of promising leads have been identified by a combination of in 
vitro and in vivo studies using diverse biological assays.

Key Words: Antiviral, phytochemical, infection, replication, flavonoids, clinical  trials, 
mechanism.

24.1  INTRODUCTION

Throughout the human history, man has been dependent on plant sources for his very 
basic needs (1). The use of medicinally active plants predates modern history. As per a 
World Health Organization estimate more than 80% of the world’s population is 
dependant on traditional plants to meet their health requirements (2). A large number of 
plants used in the traditional medicine have now become a part of the modern world 
health care system because of their unique ability to synthesize a wide array of com-
pounds with diverse health-related benefits (3, 4). Most recently, the introduction of 
plant-based products in the form of nutraceuticals and dietary supplements have made 
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a major impact in the drug industry market (5, 6). The isolation, structural elucidation, 
and evaluation of all major constituents of the plant-based products must occur effi-
ciently in order to determine its pharmacological properties. A general isolation and 
evaluation procedure of plants-based active ingredients is depicted in Scheme 24.1. 
Plants provide compounds possessing a broad range of activities such as antimicrobial, 
antiviral, antioxidative, immunomodulatory and antitumor properties (7, 8). Because of 
the rapid advancement in modern day biology, drug discovery from natural sources has 
evolved into a highly multidisciplinary field utilizing various sophisticated methods of 
isolation, analysis, and evaluation. Over the last few decades, natural products have 
been studied for anti-infective and more specifically, antiviral activities. Basic 
researches in experimental models using various biological systems strongly suggest 
the protective role of plant-derived natural compounds against different viral infections 
(9, 10). Despite the substantial amount of progress made in the treatment and therapeu-
tic strategies, the incidence, morbidity, and mortality of viral infections remain a major 
global challenge. The conditions are more complicated in the developing world due to 
the unavailability of relatively expensive medicines and widespread drug resistance 
(11). Unfortunately, many antiviral compounds presently in clinical use have a rela-
tively narrow spectrum of activity, limited therapeutic usefulness, and variable toxicity. 
Whether natural antivirals can be developed as a viable alternative medicine or a syner-
gistic combination therapy with pre-existing antiviral therapy will entirely depend on 
identifying broad-spectrum plant-based antivirals combined with a method of delivery 
and keeping in mind its stability and bioavailability. In addition, the development of a 
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Scheme 24.1. Plants provide compounds possessing broad range of activities such as antimicrobial, 
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suitable in vitro pharmacodynamic screening technique could contribute to the rapid 
identification of potential bioactive plants and also to the standardization and/or phar-
macokinetic–pharmacodynamic profiling of the bioactive components.

Originating from nucleosides or closely related carbon structure, the wellknown 
drugs face an emerging problem of development of resistant viral strains (12, 13). In 
addition, the emergence of many new and perhaps more deadly viruses such as Ebola 
and Marburg viruses and the possible threat of their use as arsenal for bioterrorism have 
enhanced our urgency to find new and potent antivirals as soon as possible. This need 
is further aggravated by the fact that viral infections are now recognized as the second 
most important known cause of human cancer (14). Viruses absolutely require host cell 
environment for survival. Besides the genetic variation, divergent invasion strategies 
pose a major challenge. Since medicinal plants have an endless variety of chemical 
constituents, it could be utilized to counter genetic and invasion divergence and thus 
inhibit the replication of both DNA and RNA virus. In fact, the world of ethnopharma-
cological knowledge increases the success probability of finding a new drug candidate 
(15, 16). In this article, we examine current developments on various naturally occur-
ring antiviral compounds. The major advances in the field of virus growth inhibition 
have been summarized. In addition, the origin, mechanistic action, and phase trials of 
various plant-derived antiviral agents have been included in this chapter.

24.1.1  Antiviral Assays
In the process of drug discovery, the selection of an appropriate bioassay and its 

 validation are the important steps to determine the activity of the products and extracts. 
The determination of antiviral efficacy is relatively complex because it is not possible 
to design a single assay for different viruses as they require different cell systems. The 
fact that so many so-called “exciting molecules” do not graduate to the next stage is 
primarily due to major flaws in the screening methodologies. Some of the major chal-
lenges include using high assays dosages, using improper test controls, and the wrong 
selection of targets and endpoints. In spite of the progress made, little attention has been 
given to the influence of various reaction parameters (17). The lack of standardization 
in methodologies produces highly inconsistent results posing a major obstacle in devel-
oping a novel entity as a drug molecule. More commonly, the evaluation of the antiviral 
is based on the capability to replicate in a particular cell system.

The efficiency of the plant extract can be evaluated by large number of methods.  
At a preliminary level, the in vitro efficacy is detected using markers such as cytopathic 
effect, plaque formation, or proliferative effects on diverse cell lines (Table 24.1). The 
detection of viral RNA and DNA do provide information about the viral replication. 
Although a number of assays have been developed there is still a need for more stand-
ardized assays to provide consistent results. The complexity in evaluation of viral inhi-
bition is attributed to its efficient replication coupled with its genetic variation and 
diverse invasion strategy. Confluent monolayers of the cells are infected with virus in 
combination with a varied concentration of the plant extract and incubated followed by 
the calorimetric determination of viable cells. Radioactive-labeled viruses are employed 
to determine the mode of antiviral activity (18). Determination of the values of EC

50
 

(reciprocal dilution required to prevent virus-induced cytolysis by 50%) and TCID
50

 
(reduction of viral titer) are used as a measure to determine viral activity.
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24.2  CLASSIFICATION OF ANTIVIRAL PHYTOCHEMICALS

24.2.1  Flavonoids
The flavonoid structure, basically a polyphenol consisting of 15-carbon atoms  skeleton 

(C
6
–C

3
–C

6
 system) (1), constitutes the largest source of antiviral agents in the entire plant 

kingdom. In some compounds, the C
2
 carbon atom is directly linked to the oxygen as a 

result of which furan type molecule is formed called aurone (2). The further sub- 
classification of flavonoids is based upon the oxidation and the substitution pattern of the 
ring C. The biochemical effects of flavonoids are attributed to their ability to inhibit the 
number of enzymes such as aldose reductase, xanthine oxidase, phosphodiesterase, Ca+2-
ATPase, lipoxygenase, cycloxygenase, etc., besides the regulatory role on different hor-
mones like estrogens, androgens, and thyroid hormone (19, 20). Evaluating flavonoids 
for activity against herpes simplex virus (HSV), Thomas et al. reported that flavonols are 
more active than flavones (galangin  >  kaempferol  >  quercetin) (21). Flavonoid-based 
polymer (MW 2100 Daltons) has displayed substantial activity against HSV type-1 and 
type-2 strains (22). On the basis of the evaluation of a flavonoid subset, Gerdin et al. 
found that flavan-3-o1 was more effective in selective inhibition of human immunodefi-
ciency virus (HIV)-1, -2, and similar immunodeficiency virus infections (23).

Table 24.1 
Invitro efficacy assay

Details about the 
virus Assay type Assay methods

1 Plaque formation 
capability

Plaque inhibition
Plaque reduction

Titer determination in the  
presence of non-toxic dose of 
compound

2 Cytopathic effect 
inducement 
capability

Inhibition of the 
viral-induced CPE

Virus yield reduction
Endpoint titer  

determination

CPE determination with limited 
dose of virus

Virus yield under treatment with 
a given amount of virus

Virus titer reduction determina-
tion after dilution

3 Negative plaques 
formation  
cytopathic effect  
capability

Specific function 
determination

Hemagglutination test
Hemadsorption test
Inhibition of cell transformation
Immunological tests: detection of 

 antiviral antigens in cell culture 
(HSV, CMV, EBV, HIV)

4 Miscellaneous 
tests

Nucleic acid/
polypeptide  
inhibition

Radioisotope  
uptake study

Genome number 
determination

Reduction or inhibition of viral 
specific nucleic acid /polypep-
tides synthesis in infected 
culture

Determination of uptake of 
 radioisotope labeled precursor

Viral genome copy with single 
 compounds or with mixtures
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Chalcones, having general formula ArCH=CHC(=O)Ar forms the central core for a 
variety of important biological compounds. Considered as precursors of flavonoids and 
isoflavonoids, these compounds are abundant in edible plants, and display a diverse 
array of pharmacological activities. Deng et al. have reported excellent antiviral 
 activity of chalcones 3 and 4 utilizing pharmacophore models to identify chemical 
 signatures considered important for the antiviral activity (24, 25). Dihydrochalcones 
(5) (obtained by double bond reduction of chalcone) derived from Millettia leucantha 
KURZ (Leguminosae) showed anti-herpes simplex virus (HSV) activity (26). Flavones, 
structurally characterized by 2-phenylchromen-4-one backbone, are found in Lamiaceae, 
Apiaceous, and Astraea families. Likhitwitayawuid et al. described the isolation and 
anti-HSV activities of a series of phenolic compounds identified from the heartwood of 
Artocarpus gomezianus, including the new antiherpetic flavone artogomezianone (6) 
(27). Prendergast et al. have used 3¢,4¢-diacetoxy-5,6,7-trimethoxyflavone or naringin 
(7) in the treatment of viral (e.g., HCV, HIV, a picornavirus genus virus or a respiratory 
virus) or parasite (e.g., toxoplasmosis) infections (28). On the basis of molecular elec-
trostatic potential (MEP) maps, Mishra et al. proposed that the anti-picornavirus activi-
ties of the flavones are related with negative MEP values in two regions, one near the 
3-methoxy group and another in a diagonally opposite region near the substituent 
attached to the C

7
 atom of the molecules (29). We have synthesized and confirmed the 

antiviral activity of several novel analogs of flavanone Abyssinone II (8), a naturally 
occurring prenylated flavanone, in HeLa cells using a recombinant b-galactosidase 
expressing strain of HSV-1(Herpes simplex virus Type 1) (30). Characterized by 
hydroxyl group at position C

3
 of the flavonone molecule (9), flavanol mixture is applied 

for treating and preventing hepatitis B, mycotic infection, liver protection, inflammation 
disease, and autoimmune disease (31). The effect of several naturally occurring dietary 
flavonoids including quercetin (10) on the infectivity and replication of herpes simplex 
virus type 1 (HSV-I), polio-virus type 1, Para influenza virus type 3 (Pf-3), and respira-
tory syncytial virus (RSV) were studied in cell culture monolayers employing the tech-
nique of viral plaque reduction. Quercetin caused a concentration-dependent reduction 
in the infectivity of each virus. In addition, it reduced intracellular replication of each 
virus when monolayers were infected and subsequently cultured in a medium containing 
quercetin (10). Myricetin (11), a bioflavonoid whose occurrence in nature is widespread 
among plants showed excellent antiviral effect against hepatitis B virus, influenza virus, 
and/or coronavirus (32). Anthocyanidin (12) is an important group of plant pigments 
having free OH group which can  co-ordinate with metal ions like Ca2+ and Mg2+ under 
alkali conditions. This coordination ability is one the major reasons for the bioactivity of 
molecule. Anderson et al. have reported the therapeutic effect of anthocyanidin in the 
treatment of diseases caused by viruses (33). Isoflavonoids is an important class of fla-
vonoids with impressive biological activities formed as a result of migration of phenyl 
group from 2 to 3 as shown in 13 (Fig. 24.1). In contrast to most other flavonoids, iso-
flavones (14) have a rather limited taxonomic distribution and occur mainly within the 
Leguminosae family. Antiviral activity on Newcastle disease virus was examined and 
rotenone (15) showed significant inhibitory effects on the viral growth in cultured cells 
as determined by the plate and tube assay methods (34). Isoflavanones bear the same 
relationship to isoflavones as flavanones do to flavones. And, as in the case of flavanones, 
isoflavanones have a chiral center (C

3
 in isoflavanones). PMZ-1, a prenylated isofla-
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vonone (16), isolated Bolusanthus speciosus (Bolus Harms) has  exhibited excellent 
activity against HIV–having a broad therapeutic index (TI  >  300) (35).

Structurally, one of the simplest members of these subclasses, the isoflavans, is 
 characterized by the fact that they do not have the carbonyl group at C

4
 carbon, for exam-

ple, 7,4¢-dihydroxyisoflavan (17, equol). The effect of substituted isoflavans (18) (R and 
R1  =  H, Cl, or Br) and isoflavenes (19) on human rhinovirus (HRV) 1B infection of 
HeLa cells was examined by Conti and coworkers who found that these compounds 
inhibited virus plaque formation in cell cultures with isoflavans being more effective than 
isoflavenes (36). It was found that the cells pretreated with compounds before challenge 
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with HRV-1B exhibited resistance to the virus-induced cytopathic effect. Arylcoumarins 
related to flavonoids biogenetically are characterized by the presence of a carbonyl func-
tion at C

2
 and may or may not have oxygenation at C

4
. A large number of coumarins has 

been studied for antiviral activities (37). Calanolide A (20) first isolated from a tropical 
tree (Calophyllum lanigerum) in Malaysia is one of the novel non-nucleoside reverse 
transcriptase inhibitor (NNRTI) with potent activity against HIV-1 (38).

Compounds belonging to the flavans class are normally devoid of carbonyl group at 
position 2. Although this class of compounds contains some common and compara-
tively simple compounds, catechin and epicatechin, in particular, the overall structural 
complexity of the group is impressive. Two new antiviral flavan derivatives were 
 isolated from a methanol extract of leaves of Pithecellobium clypearia as guided by 
antiviral assays (7-O-galloyltricetifavan (21a) and 7,4-di-O-galloyltricetifavan (21b) 
(39). Neoflavonoids constitute a group of flavonoid derivatives that have their aryl 
group attached to C

4
 as opposed in flavonoids and C

3
 in isoflavonoids. A series of 

 inophyllums 22–25 were isolated from the Malaysian tree Calophyllum inophyllum and 
evaluated for inhibitory activity against HIV-1 reverse transcriptase (RT). Among them, 
the most active compounds, inophyllum B and inophyllum P showed IC50 values 
against RT of 0.038 and 0.130 mM, respectively (40) (Fig. 24.2).

24.2.2  Alkaloids
Synthesized by plants from amino acids, alkaloids contain nitrogen in a heterocyclic ring. 

Some of the major nuclei found in various alkaloids have been shown in 26, 27, and 28. 
Thirty-six alkaloids isolated either from Catharanthus roseus or C. lanceus were evaluated 
for in vitro activity against vaccinia and polio type III viruses. Nine of these alkaloids were 
effective as antiviral agents, with pericalline (29) being the most effective (41). In an attempt 
to obtain SAR data, Houghton et al. tested several naturally occurring chromone alkaloids 
(derived from the rootbark of Schumanniophyton magnificum) for the inhibition of HIV and 
HSV infections in C8166 and Vero cells, respectively. The authors also synthesized acyl and 
methyl derivatives for screening. It was found that the presence of a piperidine ring and free 
hydroxyl groups on the molecules seems to favor the anti-HIV activity. Irreversible binding 
to gp 120 was considered to be responsible for the anti-HIV activity (42).

24.2.3  Terpenoids
The terpenoids, sometimes referred to as isoprenoids, are a large and diverse class of 

naturally occurring phytochemicals derived from five-carbon isoprene units, which are 
assembled and modified in thousands of ways. Numerous phytocompounds that were 
evaluated for activity against anti-severe acute respiratory syndrome-associated coronavi-
rus (SARS-CoV) activities using a cell-based assay measuring the SARS-CoV-induced 
cytopathogenic effect on Vero E6 cells and compounds (30–32) showed excellent activities 
(43). More than 220 phytocompounds (including ten diterpenoids, two sesquiterpenoids, 
and two triterpenoids) were screened for activity against anti-SARS-CoV activities utiliz-
ing a cell-based assay measuring SARS-CoV-induced cytopathogenic effect on Vero E6 
cells. The bioactive compounds with anti-SARS-CoV activity in the mM range included 
abietane-type and labdane-type diterpenes sesquiterpenes and lupane-type triterpenes.
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24.2.4  Carotenoids
Carotenoids considered as the structural backbone of compound belong to the cate-

gory of tetraterpenoids (hydrocarbons resulting from the association of several isoprene 
units). Majority of the carotenoids are derived from the 40 carbon polyene chain which 
is sometimes terminated by rings. Carotenoids can be Xanthophylls (molecules contain-
ing oxygen) such as lutein and zeaxanthin and carotenes (the unoxygenated or oxygen 
free carotenoids). The concentrations of plasma carotenoids (a-carotene (33),  b-carotene 
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(34), lutein/zeaxanthin (35) and lycopene (36) have been associated with the increased 
risk of death during HIV infection among infants in Uganda (44).

24.2.5  Organosulfur Compounds
Sulfur-containing compounds are present in all Brasicaceae family vegetables. In 

addition, plants belonging to the Allium family constitute an important class of antiviral 
agents (45). There a are number of representative examples of organosulfurs antivirals 
(37–40) that is, cauliflower, cabbage, kale, bok choy, brussels sprouts, radish mustard, 
and water garden cress that constitute the rich source of organosulfur compounds. 
Several unsymmetrical aralkyl disulfides, were synthesized and oxidized to study the 
relatively unexplored class of thiolsulfinate (46). The pungent odor, and chemical insta-
bility of these compounds make animal studies difficult; hence, structural modifications 
have been  carried out. We have synthesized and screened several sulformates (based 
upon brassinin and sulfuraphane structures) derivatives for their HSV activities (47) 
(Fig. 24.3).

24.2.6  Vitamins
It has been shown that vitamin C (41) can increase the host immune response, and 

this may provide protection against infectious diseases (48). Vitamin E supplementation 
might be effective in the treatment of chronic hepatitis B (49). The name vitamin E 
 covers a collection of eight fat soluble compounds, tocopherols (42) (methyl derivatives 
of tocopherol) and tocotrienols (43).

24.2.7  Selenium Compounds
A significant number of studies has indicated the importance of selenium compounds 

(44–46) as potent antiviral agents. The data generated from experimentation on various 
animal models and in vitro models demonstrate significant beneficial effects of sele-
nium on different viral infections. Cermelli et al. studied the antiviral effects of three 
selenium compounds on the replication of Coxsackie virus B

5
 replication (50). Selenite 

was shown to reduce viral replication in Coxsackie virus B
5
 replication, but selenate and 

selenomethionine did not exhibit any substantial antiviral activity. Waotowicz et al. 
synthesized and tested different analogs of ebselen for their activity in in vitro antiviral 
assay. Some of the analogs tested had an appreciable inhibition of cytopathic activity of 
HSV-1 and encephalomyocarditis virus—EMCV (10) (Fig. 24.4).

24.2.8  Miscellaneous
Curcumin (47) derived from turmeric and a key constituent of food in the Indian 

 subcontinent has shown potent activity against HIV-1 integrase (51). Chlorophyllin 
(CHLN) (48, 49), a synthetic derivative of chlorophyll has been assayed for its capacity 
to prevent nuclear fragmentation (NF) in HEp-2 cells infected with poliovirus (52). 
Carboxymethyl chitin, a polysaccharides polymer containing partially deacetylated ami-
nosugar showed a significant inhibition of Friend murine leukemia helper virus (F-MuLV) 
and HSV (53). Seven ellagitannins isolated from Phyllanthus myrtifolius and P. urinaria 
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(Euphorbiaceae) have shown to be active against Epstein–Barr virus DNA polymerase 
(EBV-DP) (54). Polyacetylenes (51, 52) are hydrocarbons that strongly absorb long-
wave UV light. The medicinal activity of these compounds is altered upon exposure to 
light (photoactivation). The principal constituent in the leaf of Bidens pilosa, phenylhep-
tatriyne (PHT), is one of the polyacetylenes that has been widely studied for its antiviral 
effects that is augmented by UV light exposure (55). The polyacetylenes are one of the 
few natural substances reported to inhibit CMV, a type of herpes virus that causes disease 
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in immune-compromised individuals. Importantly, these polyacetylenes do not cause 
DNA changes (as do other herbal photoactivated substances, such as furanocoumarins 
found in the Umbelliferae plants), and the action appears to be mediated by cell surface 
activities, this implies a higher level of safety for their use (56).

Highly sulfated red algal polysaccharides (C
n
(H

2
O)

n
 (53)) extracted from Gelidium 

cartilagineum afforded protection against animal virus, influenza B, and mumps viruses 
(57). The cell-wall sulfated polysaccharide of the red microalga Porphyridium sp. has 
impressive antiviral activity against Herpes simplex viruses types 1 and 2 (HSV1,2) and 
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varicella–zoster virus (VZV) (58, 59). Lignans are one of the major classes of 
 phytoestrogens which are estrogen-like chemicals and also act as antioxidants (60). 
Nordihydroguaiaretic acid (NDGA) (54), a lignan present in the perspired resin of 
leaves of Larrea divaricata has displayed significant in vitro inhibition against several 
viruses, including HIV, HSV-1 and -2, and human papilloma (61). The pharmacokinet-
ics and metabolism of retrojusticidin B, an anti-HIV reverse transcriptase agent isolated 
from Phyllanthus myrtifolius, have been studied in rats. Chrysophanic acid (56) 
(1,8-dihydroxy-3-methyl anthraquinone (55)), isolated from the Australian aboriginal 
medicinal plant Dianella longifolia, has been found to inhibit the replication of polio-
virus types 2 and 3 (in vitro SARS-CoV spike (S) protein, a type I membrane-bound 
protein, is essential for the viral attachment to the host cell receptor angiotensin-con-
verting enzyme 2 (ACE2) (62). Emodin (57), derived from genus Rheum and Polygonum, 
was shown to significantly block the S protein and ACE2 interaction in a dose-depend-
ent manner. It also inhibited the infectivity of S protein-pseudotyped retrovirus to Vero 
E6 cells. These findings suggested that emodin may be considered as a potential lead 
therapeutic agent in the treatment of SARS (63). Gingerols (58) (derived from ginger, a 
typical south Asian spice) has traditionally been used to cure common colds and throat 
infections and form an important constituent of Ayurvedic formulations. There have 
been numerous studies on the efficacy of these compounds as antiviral agents (64). 
Salicylic acid ((59) C

6
H

4
(OH)CO

2
H) can stimulate the inhibition of all three main 

stages in virus infection: replication, cell-to-cell movement, and long-distance move-
ment. There is evidence that SA may stimulate a downstream pathway, leading to the 
induction of mechanism of resistance based on RNA interference (65) (Fig. 24.5).

24.2.9  Activity of Extracts/Mixtures Preparation
Traditional medicine system (Egyptian, Ayurvedic, Chinese, Unani) have utilized the 

plant extracts/mixtures to cure infections. The underlying idea is to achieve the synergis-
tic or combination benefits of the formulation. In addition, herbals offer a less toxic 
alternative to conventional therapies thereby encouraging patients to opt for this treat-
ment. Semple and colleagues reported that Chrysophanic acid (1,8-dihydroxy-3-methyl-
anthraquinone) (isolated from the Australian Aboriginal medicinal plant Dianella 
longifolia) inhibits the replication of poliovirus types 2 and 3 (Picornaviridae) in vitro 
(66). Terpenes and phenol esters from Plectranthus strigosus were screened against her-
pes viruses. The bioactivity study revealed herpetic inhibitory properties for 
 ent-16-Kauren-19-ol ent-16-kauren-19-oic acid. The compound inhibited 
 poliovirus-induced cytopathic effects in BGM (Buffalo green monkey) kidney cells at a 
50% effective concentration of 0.21 and 0.02 g/mL for poliovirus types 2 and 3, 
 respectively. Phellodendron amurense bark extracts were examined and substantial anti-
viral activity was reported against HSV-1 utilizing the plaque inhibition assay (67). 
Propolis, a crude extract of the balsam which contains terpenoids, flavonoids, benzoic 
acids, esters, phenolics, has been found to inhibit the hemagglutination activity of 
inflenza virus, acyclovir resistant  HSV-1, adenovirus-2 VSV, and poliovirus (68). In a 
study, the Dryopteris crassirhizoma extract was used to inhibit the reverse transcriptase 
associated DNA polymerase and RNAse H activity (69). An extract derived from 
Asimina triloba, has been used for the treatment of oral herpes (HSV-1) (70). Sixty-five 
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crude extracts from 51 selected  endophytic fungi isolated from Garcinia species were 
tested for various bioactivities. Eighty percent of the fungal extracts from fermentation 
broths and mycelia displayed antiviral activity (71). In a related study, organosulfur com-
pounds derived from garlic extract protected CD4 cells from HIV attack (72). Tertagalloyl 
glucopyranose obtained from Juglans mandshurica inhibited reverse transcriptase and 
RNAse H activity while extracts of Centella asiataca and magniferin of Magnifera 
indica have shown promising anti-herpes HSV activity (73). The crude extract of the 
roots from the Australian medicinal plant Dianella callicarpa (Liliaceae) displayed sig-
nificant antimicrobial and antiviral activities (74). Meliacine (a partially purified extract 
(meliacine) from the leaves of Melia azedarach L) exhibits a potent antiviral effect 
against several viruses without displaying cytotoxicity (75). The in vitro antiviral activity 
of the Cuban-endemic plant Phyllanthus orbicularis against HSV-1 and -2 was con-
firmed and it was found that the drug acted at early stages of herpesvirus replication cycle 
(76). The concurrent use of natural health products (NHPs) with antiretroviral drugs 
(ARVs) is widespread among HIV-infected patients; however, extreme caution should be 
exercised since some NHPs are complex mixtures and are likely to contain organic com-
pounds that may induce and/or inhibit drug metabolizing enzymes and drug transporters. 
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It has been observed that St. John’s wort clearly induces cytochrome P450 3A4 and 
P-glycoprotein. This reduces protease inhibitor and non nucleoside reverse-transcriptase 
inhibitor concentrations, thereby increasing the likelihood of therapeutic failure (77).

24.2.10  Antiviral Mechanistic Aspects of Phytochemicals
One of the major steps in drug discovery is to identify and validate specific molecular 

targets. The advance of modern day biology has enabled us to identify microbial 
enzymes, receptors and molecular processes that facilitate drug action against a particu-
lar kind of virus. Studies have indicated that the antiviral action of plant-derived prod-
ucts may be attributed to a number of well-defined mechanisms (Table 24.2). It is 
possible that the antiviral effect of the compound may be explained on the basis of more 
than one mechanism and in some cases the action of mechanism may be unknown. 
Understanding the mechanistic pathways may help us to progress rapidly with more 
rational drug design and screening procedures.

24.2.11  Viral Studies
There have been numerous in vitro studies supporting the antiviral activity of phyto-

chemicals. In order to further evaluate the modulation of several of these plant-derived 
compounds by components of tissue and body fluids, several in vivo studies have been 
carried out. However, the relative proportion of these studies is less for obvious reasons. 
There is tremendous amount of literature available regarding antiviral potential of phy-
tochemicals. For the sake of clarity, the discussion has been classified into different 
sections with a focus on viral diseases.

24.2.12  AIDS
HIV is a retrovirus that can lead to acquired immunodeficiency syndrome (AIDS), a 

condition that is characterized by the failure of the immune system. According to a 
report by the World Health Organization, it has been estimated that 0.6% of the world’s 
population is infected with AIDS. Until the year 2006, AIDS has killed more than 25 
million people, since it was first recognized in 1981 (107). With the recent advances in 
understanding the biology of HIV, there has been increased focus on the usage of phy-
tochemicals as antivirals against HIV. Owing to the vast array of chemical entities in 
nature, effective therapies for HIV infection are being sought in the natural world. The 
scope of studies of anti-HIV plant extracts is too extensive. Owing to the size limitations 
of the present review, we have summarized some of the major studies in Table 24.3.

24.2.13  Poliomyelitis
Poliomyelitis, caused by a human enterovirus, damages the nervous system and 

causes paralysis. The disease is normally prevalent in less developed Asian and African 
countries where polio immunization for children is not very common in spite of the 
massive immunization by the governments and non-governmental organizations. A 
large number of plant-derived products have been evaluated for their activity against 
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polio virus. Isoobtusitin (61), a prenylated coumarin showed substantial in vitro inhibi-
tory activity against poliovirus (IC50  =  2.9 mM) (119). Isokaempferide (5,7,4¢-trihy-
droxy 3-methoxyflavone) derived from Psiadia species was found to be an inhibitor of 
poliovirus type 2 replication (120). Tuli and colleagues examined the antiviral action of 
3-methyleneoxindole (MO), a plant metabolite, in HeLa cells infected with poliovirus. 
On the basis of the experiments, authors suggested that the ability of MO to bind to 
ribosomes of HeLa cells may underlie the antiviral affect. Experiments showed that the 
poliovirus messenger RNA would not attach to those ribosomes that are already bound 
to MO. This resulted in the nonrecovery of virus-specific polysomes from infected cells 
treated with antiviral concentrations of MO (121) (Fig. 24.6).
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24.2.14  Herpes
Herpes is caused by HSV-1 and -2. It is a painful infection mainly affecting skin, 

eyes, mouth, and genitals. There is no permanent cure for herpes but the treatment can 
certainly reduce the viral shedding. There have been efforts all around the globe to 
identify plant-based treatment for this infection. Lyu et al. performed anti-herpetic 
assays on 18 flavonoids in five classes and a virus-induced cytopathic effect (CPE) 
inhibitory assay, plaque reduction assay, along with yield reduction assay (122). EC, 
ECG, galangin, and kaempferol exhibited strong antiviral activity whereas catechin, 
EGC, EGCG (65), chrysin (66), BA (67) showed moderate activity against HSV-1. 
Among all the flavanols, it was found that EC and ECG displayed a high level of CPE 
inhibitory activity (2.5 µM [0.725 µg/mL]) and 5 µM (2.21 µg/mL), respectively), while 
among the flavanones naringenin expressed a strong inhibitory effect (5 µM [1.36 µg/
mL]) against HSV-1. Similarly, among the flavonols, quercetin exhibited a high CPE 
inhibitory activity (5 µM [1.69 µg/mL]), and genistein which is an isoflavone also 
showed an inhibitory effect (5 µM [1.35 µg/mL]). Two dibenzocyclooctane lignans, 
Kadsulignan L, and Neokadsuranin were tested for their anti-HBV activities in vitro. 
These compounds at 0.1 mg/mL, exhibited moderate antiviral activities, inhibiting 
HBsAg and HBeAg secretions by 32.6 and 36.5%, and by 14.5, and 20.2%, respec-
tively. From a structure-activity point of view, it was found that the introduction of an 
a-orientated AcO group enhances the antiviral activity (123). Chattopadhyay and col-
leagues reported substantial anti-HSV activity of Ophirrhiza nicobarica extract at 300 
µg/mL. The alkaloid, flavonoid, and b-sitosterol isolated from bioactive parts had a 
dose-dependent therapeutic efficacy, justifying their use (124). Eugenol (4-allyl-1-hy-
droxy-2-methoxybenzene) was screened for efficacy against HSV-1 and HSV-2 viruses. 
The in vitro experiments revealed that the replication of HSV viruses was inhibited by 
eugenol. The inhibitory concentration 50% values for the anti-HSV effects of eugenol 
were 25.6 µg/mL and 16.2 µg/mL for HSV-1 and HSV-2, respectively, with 250 µg/mL 
being the maximum dose at which cytotoxicity was tested. In addition, it’s worth men-
tioning that eugenol showed no cytotoxicity at the concentrations tested. Furthermore, 
the eugenol–acyclovir combinations have synergistically inhibited herpesvirus replica-
tion in vitro (125). Nineteen compounds isolated from Ranunculus sieboldii and 
Ranunculus sceleratus were tested for inhibitory effects on hepatitis B virus (HBV) and 
HSV-1. The experiments revealed that apigenin 4¢-O-a-rhamnopyranoside, apigenin 
7-O-b-glucopyranosyl-4¢-O-a-rhamnopyranoside, tricin 7-O-b-glucopyranoside, tricin, 
and isoscopoletin (18) possessed excellent antiviral activity against HBV replication. In 
addition, protocatechuyl aldehyde (19) also displayed substantial inhibiting activity on 
HSV-1 replication (126). Likhitwitayawuid et al. tested flavonoids, coumarins, phloro-
glucinol (68), and stilbenes (69) derivatives derived from Mallotus pallidus, Artocarpus 
gomezianin, and Triphasia trifolia. It was concluded that bis hydroxyphenyl structures 
are promising candidates for anti-HSV and anti-HIV drug development (127). The in 
vitro antiviral activity of galangin (3,5,7-trihydroxyflavone), the major antimicrobial 
compound isolated from the shoots of Helichrysum aureonitens, was investigated 
against herpes simplex virus type 1. The compound showed significant antiviral activity 
against HSV-1 (an enveloped double-stranded DNA virus) and Cox B1 (an un envel-
oped single-stranded RNA virus) at concentrations varying from 12 to 47 µg/mL (128). 
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Epigallocatechin 3-O-gallate, samarangenin B derived from the roots of Limonium  
sinense had higher inhibitory activity than the positive control acyclovir. All of these 
were examined for inhibitory effect against the replication of HSV-1 virus in Vero cells 
(129). Du et al. isolated flavonoid leachianone from the root bark of Morus alba show-
ing potent antiviral activity. A flavonoid moralbanone, having characteristic prenyl  
chain, along with seven other known compounds, was isolated from the root bark of 
Morus alba L. Among all the isolated compounds, Leachianone G showed potent 
 antiviral activity (IC50  =  1.6 mg/mL) (130). Three new flavonol glycosides, namely, 
isorhamnetin 3-O-(6″-O-(Z)-p-coumaroyl)-b-d-glucopyranoside, quercetin 3-O-a-l-
rhamnopyranosyl(1-2)-a-l-arabinopyranosyl(1-2)-a-l-rhamnopyranoside, and  
quercetin 3-O-a-l-arabinopyranosyl(1-2)-a-l-rhamnopyranoside, were isolated from 
the stems of Alphitonia philippinensis collected from Hainan Island, China. Some of 
the isolated triterpenoids and flavonoid glycosides showed cytotoxicity against 
human PC-3 cells and hepatoma HA22T cells, and the inhibition of replication on 
HSV-1 (131). Viral diseases, especially of skin, can be treated with a virucide encap-
sulated in multilamellar phospholipid liposomes. Rosmarinic acid (70), incorporated 
in phospholipid mixture demonstrated effectiveness in humans afflicted with HSV 
(132). Flavonol glycosides (from quercetin and isorhamnetin) derived from the stems 
of Alphitonia philippinensis have been reported to inhibit the replication of HSV-1. 
Isodihydrosyringetin, a new (2R,3S)-3,5,7,4¢-tetrahydroxy-3¢,5¢-dimethoxyflavanone 
was extracted from the root of Limonium sinense (Girard) along together with nine 
other known compounds. Out of all the compounds examined for their inhibitory 
effects on HSV-1, replication in vero cells, epigallocatechin 3-O-gallate and sama-
rangenin B exhibited potent inhibitory activities on HSV-1 replication. Comparison 
of the IC50 values indicated that these both compounds had higher inhibitory activi-
ties than the positive control acyclovir (38.6  ±  2.6 vs. 55.4  ±  5.3 mM, P  <  0.001; 
11.4  ±  0.9 vs.55.4  ±  5.3 mM, P  <  0.0005) (129). Cedrus libani, widely used as 
traditional medicine in the middle east for the treatment of different infections was 
studied for its antiviral potential. The phytochemical components  isolated himach-
alol (22.50%), b-himachalene (21.90%), and a-himachalene (10.50%) showed 
promising results against herpes simplex virus type 1 (HSV-1) (133). Harden et al. 
evaluated the antiviral activity of extracts from Undaria pinnatifida, Splachnidium 
rugosum, Gigartina atropurpurea, and Plocamium cartilagineum against HSV-1 and 
HSV-2. Different assays showed that the compounds had potent virucidal activity 
and were active at very low concentrations (134). There are already reports in litera-
ture regarding excellent anti-HSV activity of Maclura cochinchinensis in several in 
vitro experiments. The authors have carried out biologically-guided separation of the 
active component(s). Ethyl acetate and methanol extracts exhibited anti-HSV-2 
activity at EC50 values of 38.5 mg/mL and 50.8 mg/mL, respectively. Biologically-
guided chromatographic separation of the ethyl acetate extract yielded compound A, 
identified as morin using a spectroscopic method. Morin exhibited anti-HSV-2 activ-
ity at an EC50 value of 53.5 mg/mL. In order to test the activity of acetate derivative, 
morin penta acetate was synthesized; however, the compound did not show any 
activity. It was concluded that free hydroxyl groups were required for anti-HSV-
activity, as demonstrated previously by other workers for the antiviral activity of 
other flavonoids (135).
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24.2.15  Hepatitis
Hepatitis derives its name from the Greek words hepato and itis which literally 

stands for liver inflammation. There are several types of viral Hepatitis such as Hepatitis 
A, B,C,D,E,F,G. Hepatitis is also caused by mumps virus, rubella virus, and cytomega-
lovirus. A large number of herbal products have been screened to measure their efficacy 
as anti-hepatitis drugs. One of the coumarin derivative geranyloxy-8-methoxycoumarin, 
best known as collinin (71) obtained from Zanthoxylum schinifolium was shown to 
significantly inhibit the replication of hepatitis B virus DNA (IC50  =  17.1 mg/mL 
(109). Seven plant extracts from six different families were found to have antiviral activ-
ity against HSV-1, at a concentration non toxic to the cell line (Vero) used. It was shown 
that most of these extracts have partial activity at the low concentration used. The 
methanol extracts of the aerial parts of Hypericum mysorense and Hypericum hookeri-
anum, exhibited detectable antiviral effect towards HSV-1 with an inhibitory concentra-
tion for 50% (IC^sub 50^) of 100 and 50 µg/mL respectively (135). The administration 
of concanavalin A (Con A) to mice induces cytokine-dependent hepatitis. Okamoto et 
al. examined the effect of glycyrrhizin on Con A-induced hepatitis and showed that 
glycyrrhizin inhibited Con A-induced hepatitis without affecting cytokine expression 
(136) (Fig. 24.7).
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Constituents isolated from Ranunculus sieboldii and Ranunculus sceleratus were 
tested for inhibitory effects on hepatitis B virus (HBV) and HSV-1. It was shown that 
apigenin 4¢-O-a-rhamnopyranoside, apigenin 7-O-b-glucopyranosyl-4¢-O-a-
rhamnopyranoside, tricin 7-O-b-glucopyranoside, tricin, and isoscopoletin possessed 
substantial inhibitory activity against HBV replication (126). Ellagic acid (73), isolated 
from Phyllanthus urinaria, has exhibited the blockage of HBeAg secretion in HepG2 
2.2.15 cells. Since HBeAg is involved in immune tolerance during HBV infection, 
ellagic acid may be a new therapeutic candidate against immune tolerance in HBV-
infected individuals (137).

24.2.16  Influenza
Influenza virus (an RNA virus belonging to the Orthomyxoviridae family) is the 

causative organism for influenza commonly known as viral flu. There are three types of 
viruses known to cause influenza: influenza virus A, B and C. As an integral part of 
traditional therapy in India and China, plant extracts have been routinely used to cure 
flu since old times. A number of active biological compounds have been found to pos-
sess excellent antiviral activity against the influenza virus. Antiviral flavonoid 2″-O-(2¢″-
methylbutanoyl) isoswertisin obtained from the flower of Trollius chinensis was found 
to be moderately active toward influenza virus A. Two new flavonoid-type C-glycosides, 
trollisin I (=(1S)-1,5-anhydro-1-[2-(3,4-dihydroxyphenyl)-5-hydroxy-7-methoxy-4-
oxo-4H-[1]benzopyran-8-yl]-2-O-(2-methylbutanoyl)-d-glucitol) and its 2-O-benzoyl 
congener trollisin II, were isolated from Trollius chinensis, together with the two known 
compounds 2″-O-(2¢″-methylbutanoyl) isoswertisin and vitexin galactoside. In antiviral 
assays, the compounds were found to be moderately active towards influenza virus A 
(138). The inhibiting effects of isoscutellarein-8-methylether (5,7,4¢-trihydroxy-8-
methoxyflavone, F36) obtained from Scutellaria baicalensis on the single-cycle replica-
tion of mouse-adapted influenza viruses A/Guizhou/54/89 (H3N2 subtype) and B/
Ibaraki/2/85 was evaluated and it was reported that the flavone significantly suppressed 
the replication of these viruses in a dose-dependent manner. It was noticed that the 
agents suppressed the replication of these viruses from 6 to 12 h after incubation in a 
dose-dependent manner by 50% at 20 µM and 90% at 40 µM, respectively. Remarkably 
5,7,4¢-trihydroxy-8-methoxyflavone, at the concentration of (50 µM) reduced the 
release of B/Ibaraki virus in the medium by 90–93% when it was added to the MDCK 
cells at 0–4 h after incubation (139). In a series of experiments, the phenolic biopolymer 
SP-303 was tested for its efficacy against experimentally induced influenza A (H1N1) 
virus infections in mice. It was found that when 30, 10, or 3 mg/kg/day of SP-303 was 
administered intraperitoneally once daily for 8 days, beginning either 48 h before or 4 
h after virus exposure, only lung consolidation was significantly reduced (140).

24.2.17  Common Cold
Common cold is caused by Rhinovirus, (derived from the Greek word rhin- denoting 

nose) belonging to the Picornaviridae family. Traditional forms of medicines have 
relied on plant preparations to cure common cold, especially in the Indian subcontinent. 
Employing a plaque reduction assay, several homo-isoflavonoids and chloro-substituted 
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rac-3-benzylchroman-4-ones were evaluated for in vitro activity against selected picor-
naviruses. All homo isoflavonoids that were tested exhibited an inhibitory effect on 
rhinovirus replication with an activity depending on virus serotype and compound 
(141). Douglas and colleagues have reported antiviral activity of Vitamin C against 
rhinovirus (142). In another report, plants derived from the Echinacea family (family 
Asteraceae) have been shown useful for preventing and treating the common cold (143). 
The antiviral activity of different 2-styrylchromones was evaluated and almost all of 
them displayed activity against serotypes of human rhinovirus, 1B in a plaque reduction 
assay in HeLa cell cultures. Mechanistically, the compounds were found to interfere 
with HRV 1B replication. The antiviral activity of 2-styrylchromones and 3-hydroxy-1-
(2-hydroxyphenyl)-5-phenyl-2,4-pentadien-1-ones, which are intermediates in the syn-
thesis have been evaluated against two selected serotypes of human rhinovirus, 1B and 
14, by a plaque reduction assay in HeLa cell cultures. It was found that al most all the 
compounds interfered with HRV 1B replication, with the exception of 3-hydroxy-1-(2-
hydroxyphenyl)-5-(4-methoxyphenyl)-2,4-pentadien-1-one which did not show any 
significant activity. It is worth mentioning that the majority of derivatives were found to 
be effective against serotype 14, often with a higher potency (144, 145).

24.2.18  Multiple Targets
A considerably large number of studies has reported the activity of various phyto-

chemicals against multiple targets. Weber et al. used direct pre-infection incubation 
assays to determine the in vitro virucidal effects of fresh garlic extract, its polar fraction, 
and other garlic-associated compounds, that is, diallyl disulfide (37), diallyl thiosulfi-
nate (39) (allicin), allyl Me thiosulfinate (74), ajoene (75), alliin (76), deoxyalliin (77), 
and diallyl trisulfide (146).

In an effort to determine the mechanistic action of garlic compounds to explain their 
antiviral action, direct pre-infection incubation assays were used to determine the in vitro 
virucidal effects against selected viruses including, HSV-1, HSV-2, Para influenza virus 
type 3, vaccinia virus, vesicular steatites virus, and human rhinovirus type 2. These 
results indicate that virucidal activity and cytotoxicity may have depended upon the viral 
envelope and cell membrane, respectively. However, activity against non-enveloped virus 
may have been due to the inhibition of viral adsorption or penetration. The order for 
virucidal activity generally was: ajoene (66)  >  allicin (39)  >  allyl Me thiosulfinate (74). 
Tait et al. showed marked antiviral activity of homoisoflavonoids against coxsackie virus 
B1, B3, B4, A9, and echovirus 30. The inhibition of viral replication was monitored on 
BGM cells. Out of the various tested compounds, 3-benzyl chroman-4-ones (79) have 
displayed substantial antiviral effect towards PI-3 (parainfluenza-3) in the range of 8–32 
mg/mL of inhibitory concentration for cytopathogenic effect (CPE) in Madin–Darby 
bovine kidney and vero cell lines (146) Eugenol, (78) a traditional medicine has also 
been used against multiple viral targets (125). Singh et al. have investigated the interac-
tion between chemokine receptor CXCR4 and flavonoids using in silico docking studies. 
On the basis of their studies, the authors concluded that flavonoids may also be useful as 
topical agents to inactivate virus, or may act as adjuvant with other antiviral drugs. 
Interaction network formed by disulfide bonds, hydrogen bonds, van der Waals force, 
and salt bridges between extracellular segments helped in maintaining the conformation 



448 Naithani et al.

of the docked complex (147). The moderate antiviral activity of the mixture of quercetin 
3-O-b-glucoside and quercetin 3-O-b-galactoside derived from Chamaesyce thymifolia 
against HSV-1 and BVDV viruses was also reported (148). A number of substituted 
homo-isoflavonoids were synthesized in order to study their in vitro anti-picornavirus 
activity. Experiments were performed to determine the ability of non-cytotoxic concen-
trations to interfere with plaque formation by HRV 1B and 14 and poliovirus (PV) 2. 
Experiments suggested that serotype 1B was much more sensitive than 14 to the action 
of the compounds, and the presence of one or more chlorine atoms increased the antiviral 
effect in all homo isoflavonoids tested, confirming the positive influence of this substitu-
ent on activity (149). In an attempt to search for novel active agents from plant source 
pure flavonoids and aqueous extracts of Caesalpinia pulcherrima Swartz were screened 
to test their influence on a series of viruses, namely HSV-1, HSV-2, and adenoviruses 
(ADV-3, ADV-8, ADV-11). Results showed that the aqueous extracts of C. pulcherrima 
and its related quercetin possessed a broad-spectrum antiviral activity. The experiments 
have shown that fruit and seed extract showed the best activity (EC50  =  41.2 mg/L, 
SI  =  83.2) as compared to stem and leaf (EC50  =  61.8 mg/L, SI  =  52.1) and flower 
(EC50  =  177.9 mg/L, SI  =  15.5). Quercetin derived from the plant possessed the strong-
est anti-ADV-3 activity (EC50  =  24.3 mg/L, SI  =  20.4) (150). In the last decade, there 
has been a lot of focus on the amino sugar glucosidase inhibitors have selective antiviral 
activity against certain enveloped, mammalian viruses (151). It has been shown that 
deoxynojirimycins (DNJs) modified by reductive amination to attach a long chain to N 
atom (their N-DNJ derivative ) were shown to be, for example, at least 20 times more 
potent than the non-alkylated DNJ in inhibiting hepatitis B virus (HBV) and bovine viral 
diarrhea virus (BVDV) in cell based assays. These data suggested that the modification 
of the alkyl side chain could influence antiviral activity (152). De Almeida et al. reported 
strong inhibition of an infusion of Persea americana leaves against HSV-1, Aujeszky’s 
disease virus (ADV) and adenovirus type 3 (AD3) in cell cultures. An extract of Persea 
americana leaves (Lauraceae) strongly inhibited herpes simplex virus type 1 (HSV-1), 
Aujeszky’s disease virus (ADV) and adenovirus type 3 (AD3) in cell cultures. Its frac-
tionation, guided by anti-HSV-1 and ADV assays, allowed the isolation and identifica-
tion of two new flavonol monoglycosides, kaempferol and quercetin 
3-O-a-d-arabinopyranosides, along with the known kaempferol 3-O-a-l-rhamnopyranoside 
(afzelin), quercetin 3-O-a-l-rhamnopyranoside (quercitrin), quercetin 3-O-b-gluco-
pyranoside and quercetin. In the extract, the known quercetin 3-O-b-galactopyranoside 
was also identified. The authors have reported that afzelin and quercetin 3-O-a-d-
arabinopyranoside showed higher activity against acyclovir-resistant HSV-1. Chlorogenic 
acid significantly inhibited the HSV-1 replication without any cytotoxicity. However, all 
the substances tested were less active than the infusion or fractions (153). A summary of 
major classes of antiviral phytochemicals along with their source and viral targets has 
been provided in Table 24.4.

24.2.19  Miscellaneous
There exists a huge volume of literature regarding the evaluation of plant-derived 

compounds against several other viral targets apart from the ones listed above. 
Substantial antiviral activity of 8-geranyloxypsoralen (80) (isolated in low yields from 
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Citrus limon) was reported against tumor promoter TPA-induced Epstein–Barr virus 
activation (10 mM, the inhibitory activity was 79.3%) (111). Well-studied polyphenol 
Resveratrol (81) was found to inhibit varicella–zoster virus (VZV) replication in a dose-
dependent and reversible manner. RT-PCR studies showed that protein and mRNA 
levels of IE62, an essential early viral protein, were reduced when compared to controls 
(205). Baicalin (BA) derived from Scutellaria baicalensis has shown substantial antivi-
ral activities. Mechanistically, it was shown that BA inhibited the binding of a number 
of chemokines to human leukocytes or cells transfected to express specific chemokine 
receptors (206).

Antiviral activities of seven compounds belonging to kaempferol family were evalu-
ated against human HCMV and it was confirmed that the presence of acyl group is 
important for the activity (207). A freshly prepared extract of Chelidonium majus was 
tested in vivo for anti-retroviral activity using highly susceptible C57Bl/6 strain in a 
mouse. The mice were infected intraperitoneally with 0.2 mL of the stock virus pool of 
defective murine leukemia retroviruses (MuLVs) LP-BM5. The animals were sacrificed 
(after 4 months) and a significant reduction in the weight of spleen and cervical lymph 
nodes was noticed in chronically infected mice treated with freshly prepared crude 
extract of Chelidonium majus (P  =  0.0057 and P  <  0.001) (208). In an effort to eluci-
date the action mechanism of 3-methyl quercetagetin, it was reported that the significant 
activity of the compound against tomato bushy stunt virus was attributed to the interfer-
ence during the virus infection initiation (209). Sanchez and colleagues evaluated the 
possible antiviral effect of flavonoids obtained from Tephrosia madrensis, Tephrosia 
viridiflora, and Tephrosia crassifolia on dengue viruses and concluded that glabranine 
and 7-O-methyl-glabranine presented 70% inhibition on the dengue virus (210). 
4-hydroxypanduratin A and panduratin chalcone derivatives derived from Boesenbergia 
rotunda displayed substantial inhibitory activities toward dengue 2 virus NS3 protease 
(Ki values of 21 and 25 µM, respectively) (211). The inhibitory effects of diosmin (82) 
and hesperidin (83) on the infectivity of rotavirus causing sporadic diarrhea in infants 
was evaluated and it was shown that both compounds were effective against rotavirus 
infection (212). Some of the phytochemicals have graduated to the clinical trials. Owing 
to the space constraints only the major clinical trials relating to the antiviral activities of 
phytochemicals have been summarized in Table 24.5.

24.3  CONCLUSIONS AND PERSPECTIVES

Numerous epidemiological and experimental studies have revealed that a large 
number of the phytochemicals have promising antiviral activities. However, as dis-
cussed earlier, the development of new and better antiviral agents from plants pose a 
formidable challenge. One of the major challenges has been the relatively fewer number 
of in vivo studies coupled with inconsistency in results due to a lack of uniformity in 
the assays. Further, the data on the absorption metabolism and the excretion of phyto-
chemicals in humans is contradictory and scarce. A highly interdisciplinary approach 
with meticulous planning and design needs to be followed for conducting the in vivo 
studies in a highly standardized environment. Consequently, the properly designed and 
rigorously executed clinical trial can help us to establish the efficacy and safety of the 
potential drug. In order to apply plant-based agents as an effective strategy, it is of 
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extreme importance to understand the molecular and cellular mechanism of the 
 compounds with proper understanding of metabolite retention process of the system. A 
greater emphasis on the use of combination of micro array and proteomics techniques 
is needed to define the molecular targets for various micronutrients. Various techniques 
such as the serial expression of gene expression, protein arrays, and the evaluation of 
the mechanism will not only enhance our understanding of antiviral action at molecular 
level, but also help in finding the most effective strategy. Rational synthesis of the 
diverse derivatives with a more favorable profile activity can be of immense value along 
with the development of agent-selective endpoint markers. There is immediate need for 
crafting and executing an aggressive strategy involving nongovernmental organizations, 
chemists, microbiologists, clinicians, and experts with indigenous knowledge, failing 
which there are high chances of losing several untapped resources due to the extinction 
of plants. Combination studies/synergism is another area that has remained neglected. 
Further detailed studies to specify the minimum quantity of the phytochemicals to be 
consumed since the dosage of pure compounds effective in animals may not stay real-
istic when extrapolated to human system. By covering all the above gaps, it would be 
possible to strike a balance between the toxicity and the activity of a particular agent, 
which is essential for developing a new drug.
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Key Points

Cocoa is an important source of antioxidant flavonoids such as epicatechin, catechin, •	
and procyanidins.
Cocoa flavonoids affect innate and acquired immunity and proliferative disorders.•	

•	 In vitro experiments on innate immunity have focused on the secretion of inflamma-
tory mediators, and the results are controversial.

•	 In vivo studies have demonstrated that cocoa flavonoid administration can ameliorate 
several models of inflammation.
Intake of a cocoa diet by rats reduces the proportion of Th cells and increases that •	
of B cells.
These immunoregulatory actions may be beneficial in reducing certain states of •	
autoimmunity and hypersensitivity.
Many •	 in vitro studies and some pre-clinical evidence have shown that cocoa flavo-
noids exert biological activities related to antitumoral effects.
Although data suggest some negative associations between a flavonoid-rich diet and •	
cancer, significant relationships are not always found.
Further preclinical and clinical trials are needed to investigate the mechanisms •	
involved in cocoa actions and to justify cocoa’s usage as a therapy for the prevention 
and treatment of immune-mediated diseases and cancer.
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25.1  INTRODUCTION

Cocoa, the basic component of chocolate, is a product obtained by the fermentation, 
drying, and roasting of the seeds of the Theobroma cacao tree. Roasted nibs without 
shells are milled to obtain cocoa liquor. Cocoa powder is prepared by removing from 
the cocoa liquor the majority of the lipid fraction (cocoa butter); whereas, chocolate is 
made of cocoa liquor, cocoa butter, and sugar (1). Cocoa was already known to ancient 
civilizations such as the Mayans and Aztecs (2, 3). They prepared a beverage called 
xocolatl, which was reserved for members of the highest social orders only. Cocoa was 
also used to cure fatigue, fever, infections, and heart pain. By the seventeenth and eight-
eenth centuries, chocolate and cocoa were appreciated throughout Europe and the 
Americas both for their taste and as foods capable of treating various disorders (4). At 
present, there is a revival of the health properties of cocoa.

Cocoa is a rich source of fiber, proteins, carbohydrates, and lipids, as well as a source 
of minerals (potassium, phosphorus, calcium, magnesium, etc.) (1). In addition, cocoa 
has become the subject of research in the last few years due to its wealth of antioxidant 
flavonoids. Polyphenols can reach up to 85 mg/g in dried cocoa beans (5) and up to 70 
mg/g in cocoa powder (6); however, polyphenol content depends on factors such as 
geography, climate, and storage (7). Moreover, manufacturing processes influence fla-
vonoid amounts, and, in some conditions, these can be increased up to four times 
greater than their content in conventional cocoa powder (5).

Cocoa includes many flavonoids that differ chemically in oxidation levels and in the 
substitution pattern of the C-ring in the benzo-g-pirone molecule (Fig. 25.1). Cocoa 
mainly contains flavan-3-ols as (−)-epicatechin and (+)-catechin and procyanidins or 
proanthocyanidins, which are polymers derived from these flavanols. The procyanidins 
present in cocoa are unique because they exist as long polymers, constituted by two, 
three, or up to ten linked units of catechin or epicatechin (8). Procyanidins are the major 
cocoa flavonoids, with levels ranging from 2.16 to 100 mg/g; however, whereas mono-
mer content ranges from 0.20 to 3.50 mg/g, epicatechin is more abundant than catechin 
in most cocoa products (5, 9). Flavonols such as quercetin and isoquercitrin, flavones 
like luteolin, and flavanones such as naringenin are also present in lower quantities (1). 
Methylxanthines are also present in cocoa and might be responsible for some of the 
health effects ascribed to cocoa (10).

Cocoa flavonoid monomers are absorbed in the intestine of animals and humans. In 
rats, catechin and epicatechin seem to be absorbed competitively in the gastrointestinal 
tract, and the bioavailability of epicatechin is higher than that of catechin (11). Dimer 
and trimer procyanidins are also absorbed in the small intestine and rapidly detected in 
plasma (12–14); whereas larger procyanidins are less efficiently absorbed. However, 
these polymers are metabolized by the colonic microflora into phenolic acids that are 
absorbed later (7).

Flavonoids have important effects on plants as antioxidants and defenses against 
infection, among other functions (15); hence, the intake of flavonoid-enriched foods can 
exert healthy effects on animals and humans. In the last few years, the health effects of 
cocoa intake have been ascribed to its antioxidant qualities. However, other studies have 
pointed out the beneficial actions of cocoa on circulation, blood pressure, and platelet 
activation (4, 16–19). Moreover, cocoa intake has been shown to improve some 



471Chapter 25 / Cocoa and the Immune System and Proliferative Disorders

FLAVAN-3-OLS FLAVON-3-OLS 

OH

OH

HO

O

HO

HO

OH

O

Quercetin
Quercetin-3-arabinoside
Quercetin-3-glucoside  

FLAVONES

HO

HO

OH
OH

OH

OH

O

(-)-Epicatechin 

OH
OH

OH

OH

O

(+)−Catechin
(−)−Epicatechin-3-O-gallate

(−)−Epigallocatechin  

OH
OH

OOH

O

Luteolin

PROCYANIDINS FLAVANONES 

OH

O

HO

HO

OH

O

Naringenin 

ANTHOCYANINS

OH

HO

HO

HO
HO

HO

HO

OH

OH

OH

O

HO

OH
OH

OH

OH
O

Procyanidins (4bÆ8): dimer to decamer
Procyanidin B1 (epicatechin-catechin)
Procyanidin B2 (epicatechin-epicatechin)
Procyanidin B3 (catechin-catechin)
Procyanidin B4 (catechin-epicatechin)
Procyanidin C1 (epicatechin-epicatechin-
epicatechin) 

OH

OH

OH

O

OH

OH

O

Procyanidins (4bÆ6):
Procyanidin B5 (epicatechin-epicatechin)

OH

OH
OH

OH

O+

3-α-L-Arabinosidyl cyanidin 
3-β-D-Galactosidyl cyanidin

Fig. 25.1. Main flavonoids in cocoa: subclasses and structure (1, 15).

 functions in the brain, such as promoting cerebral blood flow and attenuating neuron 
loss (20). This chapter focuses only on the effects of cocoa on the immune system and 
on proliferative disorders.
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25.2  EFFECTS OF COCOA ON THE IMMUNE SYSTEM

Until now, most of the studies referred to regarding the effects of cocoa on the 
immune system are in vitro experiments, and a great number of these are centered on 
the actions of single cocoa flavonoids. However, some in vivo studies are emerging. 
Herein, the studies of cocoa’s effects on the immune system are compiled and classified 
under both innate and acquired immunity.

25.2.1  Effects of Cocoa on Innate Immunity and Inflammatory Response
One of the first defenses of our body is the surface epithelia, which provide a physi-

cal barrier between the internal milieu and the external world of pathogens (21). If this 
defense is overcome, macrophages constitute one of the most important cellular types 
involved in innate immunity. The activation of macrophages involves an oxidant burst 
causing reactive oxygen species (ROS) and nitric oxide (NO) production and the release 
of a myriad of inflammatory mediators such chemokines like interleukin (IL)-8, macro-
phage inflammatory proteins (MIP) 1a and 1b, and cytokines such as tumor necrosis 
factor (TNF) a, IL-1 and IL-6. Another arm of innate immunity is constituted by certain 
lymphocytes such as natural killer (NK) cells and T cells with the receptor TCR gd. NK 
cells are a subpopulation of lymphocytes that spontaneously recognize and kill cells 
infected by viruses and tumor cells. And gd T cells represent a minor subset in most 
lymphoid compartments, preferentially in those associated with the intestinal epithe-
lium. Due to their cytotoxic characteristics, gd T cells are more similar to innate immune 
effectors than to adaptative immune effectors (22).

25.2.1.1  In Vitro Effects of Cocoa on Cells Involved in Innate Immunity

Many of the in vitro studies of cocoa flavonoids have focused on the secretion of 
inflammatory mediators by macrophages, and the results are controversial (Table 25.1). 
It has been reported that the addition of monomers or polymeric fractions of cocoa fla-
vanols to the culture of peripheral blood mononuclear cells (PBMC) activated with 
lipopolysaccharide (LPS) or phytohemagglutinin (PHA) increases the secretion of 
TNFa, IL-1b, and IL-6 (23–25). However, an entire cocoa flavonoid-enriched extract 
and the epicatechin and isoquercitrin monomers decrease TNFa production and the 
secretion of the monocyte chemoattractant protein (MCP)-1 from LPS-stimulated mac-
rophages (26). Moreover, the addition of a flavonoid-rich cocoa extract decreases the 
secretion of NO from LPS-stimulated macrophages (26, 27). Other studies show that 
PBMC treated in vitro with cocoa liquor or epicatechin decreases the production of 
ROS in a dose-dependent manner (28). Moreover, in stimulated macrophages, quercetin 
and naringenin – minor cocoa flavonoids – are able to reduce NO production (29), and 
quercetin also decreases the expression of TNFa and IL-1b (30). Similarly, luteolin, 
another minor cocoa flavonoid, has shown anti-inflammatory properties in vitro, 
decreasing the production of NO and prostaglandin E

2
 (PGE

2
), as well as the expression 

of inducible NO synthase (iNOS), cyclooxygenase-2 (COX-2), TNFa, and IL-6 from 
mouse macrophages (31).

Besides the in vitro results described above, which are focused on the effects of 
cocoa flavonoids added to cell culture, similar effects have been reported in the behav-
ior of peritoneal macrophages obtained from rats fed cocoa-enriched diets. This ex vivo 
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Table 25.1 
Effects of cocoa flavonoids or cocoa extract on in vitro innate immune response

Flavonoids treatment Cell target (stimulus) Effect References

Monomer–dimer 
procyanidins

Human PBMC (PHA) ~TNFa (protein) (23)

Tetramer–decamer 
procyanidins

↑ TNFa (protein)

Monomer–pentamer 
procyanidins

Human PBMC (LPS) ↑ TNFa (protein)
↑ IL-1b (protein)
↑ IL-6 (protein)

(24)

Hexamer-decamer 
procyanidins

↑ TNFa (protein)
↑ IL-1b (protein)
~IL-6 (protein)

Catechin
Epicatechin

Rabbit PBMC (LPS) ↑ TNFa (protein) (25)

Dimer procyanidins ~TNFa (protein)

Cocoa extract
Epicatechin
Isoquercitrin

Rat NR8383 macrophage 
line (LPS)

Murine RAW 264.7  
macrophage line (LPS)

↓ TNFa (protein and RNA)
↓ MCP-1 (protein)
↓ IL-1a (RNA)
↓ IL-6 (RNA)
↓ NO

(26)

Cocoa extract Murine J774.1 macrophage 
line (LPS  +  IFNg)

↓ NO (27)

Cacao liquor polyphe-
nolic  fraction

Epicatechin

Human granulocytes and 
lymphocytes (PMA)

↓ ROS (28)

Quercetin
Naringenin

Murine J774.1  
macrophage line (LPS)

↓ NO
↓ iNOS (protein and RNA)

(29)

Quercetin Bone marrow derived  
macrophages (LPS)

↓ TNFa (protein)
↓ IL-1b (protein)
↓ iNOS (protein)

(30)

Quercitrin ~TNFa (protein)
~IL-1b (protein)
~iNOS (protein)

Luteolin Murine alveolar macro-
phage MH-S (LPS)

Murine RAW 264.7 
 macrophage line (LPS)

↓ TNFa (protein and RNA)
↓ IL-6 (protein and RNA)
↓ iNOS (protein and RNA)
↓ COX (protein and RNA)
↓ NO
↓ PGE

2

(31)

(continued)
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approach is closer to the physiological effects of cocoa flavonoids since cells receive 
only the flavonoids absorbed by the intestine. Peritoneal macrophages LPS-stimulated 
from rats fed cocoa produce lower amounts of TNFa, IL-6, NO, and ROS than those 
obtained from animals fed standard diets (32, 33).

25.2.1.2  In Vivo Effects of Cocoa on Innate Immunity  
and Inflammatory Response

There are no studies focused on the in vivo effects of cocoa on the first barriers of the 
immune system. However, colonic metabolites of tea polyphenols inhibit the growth of 
pathogenic bacteria in the intestine (34). These results should promote the research of 
cocoa flavonoids’ influence on microbiota and the intestinal barrier.

Considering the inflammatory response, some studies carried out in animals show the 
effects of cocoa flavonoid administration in several models of inflammatory response 
(Table 25.2). It has, in fact, been reported that two subcutaneous (s.c.) injections of cat-
echin and epicatechin produce a significant reduction of carrageenin-induced paw edema 
in rats (35). Similarly, quercetin inhibits carrageenin-induced paw edema (36) as well as 
cotton pellet-induced granuloma, adjuvant-carrageenin-induced arthritis (36), and air 
pouch (37) models in rats. In addition, oral (p.o.) administration of rutin or quercetin 
(both quercetin glycosides), ameliorates two models of colitis in rats (30, 38). More 
interestingly, p.o. administration of a cocoa polyphenolic fraction to mice can inhibit ear 
edema in a dose-dependent manner (39), and, similarly, the p.o. administration of cocoa 
over a week decreases carrageenin-induced hind-paw inflammation in rats (33, 40).

These results agree with those obtained from other natural products rich in similar 
flavonoids, such as tea. A green tea extract with a 75% content of polyphenols, some of 
them also present in cocoa, ameliorates an experimental colitis when administered i.p. to 
rats (41). In addition, i.p. administration of epigallocatechin-3-gallate ameliorates experi-
mental arthritis in mice and rats (42, 43). In a similar way, oligomeric procyanidins from 
Jatoba (either p.o. or i.p.) reduce the severity of collagen-induced arthritis in mice (44), 
and the flavonoids of Litsea coreana inhibit adjuvant-induced arthritis in rats (45).

Finally, in terms of innate immune responses, there are very few studies, particularly 
regarding NK cells and gd T lymphocytes. The effects of cocoa on NK cell activity have 
not been studied yet, but there are promising results with flavonoids from other origins. 
For example, the administration of the hydroxyflavone chrysin increases NK cell activity 
in a model of abdominal surgery (46). Concerning gd T lymphocytes, a high cocoa intake 

Flavonoids treatment Cell target (stimulus) Effect References

In vivo cocoa  
administration 
(p.o.)

Peritoneal macrophages 
(ex vivo)

↓ TNFa (protein)
↓ IL-6 (protein)
↓ NO
↓ ROS

(32, 33)

COX cyclooxygenase; IL interleukin; iNOS inducible nitric oxide synthase; LPS lipopolysaccharide; 
MCP monocyte chemoattractant protein; NO nitric oxide; PBMC peripheral blood mononuclear cells; 
PGE2 prostaglandin E

2
; PHA phytohemagglutinin; PMA phorbol myristate acetate; p.o. per os (oral route); 

ROS reactive oxygen species; TNF tumor necrosis factor

Table 25.1 
(continued)
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by young rats increased the proportion of these cells both in Peyer’s patches (PP) and in 
mesenteric lymph nodes (MLN) (47). These findings are also described after the intake 
of apple polyphenols by healthy mice and rats (48, 49). It is also worth remarking on the 
role of intestinal gd T lymphocytes in oral tolerance, mucosal tissue repair, and immunity 
against viral antigens and tumor cells (50). In murine food-allergy models, apple 
polyphenols prevented the development of oral sensitization, and this inhibition corre-
lated with a rise in intestinal gd T-cell populations (48). In addition, polyphenols from 
green tea are able to increase the expression of CD11b (molecule involved in leukocyte 
adhesion and migration) on gd T cells, which likely enhances gd T-cell migration and 
function at sites of inflammation (51). These results suggest that diets rich in flavonoids 
from cocoa or other sources may be capable of increasing gd T-cell functionality.

All these promising results on inflammation and innate immune response should lead 
to further investigations for elucidating the mechanism behind cocoa actions and encour-
age clinical trials. There are two human studies on the relation of cocoa and innate 
immune responses, both of which have controversial results. For instance, whereas sup-
plementation with cocoa products in one group of healthy humans did not affect inflam-
mation markers (52), regular intake of dark chocolate by a healthy population in southern 
Italy was inversely related to serum C-reactive protein (CRP) concentration (53).

25.2.2  Effects of Cocoa on Acquired Immune Response
Lymphocytes orchestrate the acquired immune response. The influence of diet on 

this arm of immunity also has been studied both in vitro, on cultured lymphoid cells or 
PBMC, and in vivo, by determining lymphoid tissue composition and function.

25.2.2.1  In Vitro Effects of Cocoa on Lymphoid Cells

Some in vitro models allow the study of the activation of T or B lymphocytes by 
determining proliferative responses, the expression of certain surface molecules, or the 
secretion of cytokines (Table 25.3). Stimulated T lymphocytes proliferate through the 
enhancement of the IL-2/IL-2 receptor (IL-2R) system (54). In this context, epicatechin, 
procyanidins, and a cocoa extract are able to reduce lymphocyte proliferation, which is 
demonstrated to be related to a decrease of IL-2 secretion and/or IL-2R surface expres-
sion (28, 55–57). Moreover, quercetin also diminishes the surface expression of IL-2R 
(58) and inhibits lymphocyte activation and proliferation without inducing apoptosis 
(59). Overall, the in vitro effects of cocoa flavonoids on lymphocyte proliferation may 
comprise controlling T-cell stimulation by means of downregulating IL-2 production.

Activated Th lymphocytes can result in Th1 or Th2 subsets, effector cells with different 
functions and cytokine secretion profiles (60). The Th1 subset mainly secretes interferon g 
(IFNg) and IL-2, responsible for the promotion of both T-cell-mediated immunity and 
phagocytosis, thus enhancing actions against intracellular pathogens. The Th2 subset is 
characterized by the production of IL-4 and IL-5, which are powerful activators of IgE and 
IgA production and eosinophil recruitment, which then motivate antibody-mediated 
responses against parasites (60). It has been reported that quercetin (58) and a cocoa extract 
(61) decrease the in vitro production of IFNg from stimulated lymphocytes, thus down-
regulating Th1 responses. On the contrary, the cocoa extract and, in a stronger way, epicate-
chin increase IL-4 secretion from stimulated lymphocytes (56). However, the effect of 
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cocoa flavonoids on the secretion of Th2-related cytokines seems to be related to the degree 
of procyanidin polymerization, because long-chain procyanidins reduce the levels of both 
IL-4 and IL-5 (57, 62). In addition, certain procyanidins can induce the secretion of IL-10 
from stimulated human, peripheral blood Th lymphocytes (24). IL-10, a cytokine also 
related to the Th2-subset, has anti-inflammatory properties inhibiting macrophage activa-
tion and exerting regulatory functions (63). Taking together all these results, it can be 
postulated that, in vitro, cocoa flavonoids favor Th2 responses (IL-4, IL-10) but decrease 

Table 25.3 
Effects of cocoa flavonoids or cocoa extract on in vitro acquired immune response

Flavonoids treatment Cell target (stimulus) Effect References

Cacao liquor  
polyphenolic fraction

Human PBMC (PHA, 
PWM)

↓ Lymphocyte  
proliferation

↓ IL-2 (protein and RNA)
↓ Serum IgG

(28)

Pentamer, hexamer, hep-
tamer  procyanidins

Human PBMC (PHA) ↓ IL-2 (protein and RNA) (55)

Cocoa extract  
epicatechin

Murine EL4.BU.OU6  
lymphoid line (PMA)

↓ IL-2R
↓ IL-2 (protein)
↑ IL-4 (protein)

(56)

Monomer-tetramer pro-
cyanidins

Human PBMC (PHA) ~IL-2 (RNA)
~IL-4 (protein and RNA)

(57)

Pentamer-heptamer  
procyanidins hexamer-
octamer procyanidins

↓ IL-2 (RNA)
↓ IL-4 (protein and RNA)

Quercetin Human PBMC (SEB  +   
anti-CD28)

↓ Lymphocyte proliferation (59)

Quercetin Isolated Th cells from mice 
(anti-CD3  +  anti-CD28)

↓ IL-2R
↓ IL-2 (protein and RNA)
↓ IFN-g (protein and RNA)

(58)

Rutin ~IL-4 (protein and RNA)
IL-2: ~protein; ↑ RNAg
IFN-g: ~protein; ↑ RNA
↑ IL-4 (RNA)

Cocoa extract Human PBMC (PHA) ↓ IFN-g (protein) (61)

Monomer-hexamer and 
octamer-decamer 
procyanidins

Human PBMC (PHA) ~IL-5 (protein) (62)

Heptamer procyanidins ↓ IL-5 (protein)

Procyanidins Human PBMC (LPS) ↑ IL-10 (protein) (24)

IL interleukin; IFN interferon; LPS lipopolysaccharide; PBMC peripheral blood mononuclear cells; 
PHA phytohemagglutinin; PMA phorbol myristate acetate; PWM pokeweed mitogen; SEB staphylococcal 
enterotoxin B
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the proliferation and Th1 responses (IL-2, IFNg). The mechanism by which cocoa exerts 
these opposite effects on Th1/Th2 cytokines remains to be established, but it is likely that 
a reciprocal inhibition between Th1/Th2 cytokines may be involved. In addition, cocoa 
flavonoids modulate other regulatory cytokines, such as transforming growth factor b 
(TGFb). In this sense, cocoa procyanidins enhance the secretion of TGFb from non-stim-
ulated immune cells but reduce the release of this cytokine from stimulated cells (64).

In spite of these results obtained in vitro, it must be noted that, due to metabolic 
 factors, the cocoa compounds that reach immune organs in vivo are not identical to 
those used under culture conditions. Moreover, their actions on the lymphoid cells are 
submitted to numerous interactions and regulatory conditions present in the immune 
system. Therefore, it is necessary to perform in vivo approaches.

25.2.2.2  In Vivo Effects of Cocoa on Acquired Immunity

Although multiple studies refer to the effects of cocoa on immune cells, few go 
beyond the in vivo cocoa influence, considering lymphoid organs and immune cell 
functionality (Table 25.4).

In the thymus, where T-lymphocyte maturation occurs, changes in lymphocyte composi-
tion induced by a cocoa-enriched diet have been described (65). Long-term cocoa intake 
promotes the progress of immature thymocytes (CD4  +  C8+ or CD4-CD8-cells with 
TCRablow expression) toward more mature T-cell stages (specifically CD4  +  CD8-cells 
with TCRabhigh) (65). Moreover, the cocoa diet increases the proportion of CD4-CD8-cells 
in the thymus (65). Since this double-negative subset has multi-lineage potential (as B, T, 
myeloid, NK and dendritic cells) (66), cocoa intake may promote their differentiation.

The influence of cocoa intake on T cells is not only constrained to the thymus, but it 
also affects other lymphoid organs. For instance, in the spleen, a continuous intake of a 
high cocoa diet by young rats increases the proportion of B cells while reducing that of 
Th cells (32). These changes, however, do not positively affect the secretion of antibod-
ies since, in these rats, the blood concentration of IgG, IgM, and IgA decreases (32). 
Moreover, the cocoa diet can exert a direct effect on the composition of gut-associated 
lymphoid tissue (GALT), which includes organized lymphoid structures such as PP and 
MLN (67). In both GALT compartments, the continuous intake of a rich cocoa diet 
produces changes in lymphocyte composition in young rats (47). Cocoa intake reduces 
the proportion of TCRab  +  T cells (mainly Th subset) by increasing the B-cell percent-
age in both PP and MLN (47), similar to what occurs in the spleen (32). Likewise, the 
concentration of IgA and IgM secreted to the intestinal lumen decreases in rats (47). 
Therefore, the high and continuous intake of a cocoa diet globally produces a relative 
reduction of Th cells in secondary lymphoid tissues as well as decreasing antibody 
synthesis, which may be a consequence of the attenuation of T-helper functions. It 
remains to be clarified which mechanisms are involved, but a possible explanation may 
be the influence of cocoa on lymphocyte proliferation. As reported above, in vitro stud-
ies show an inhibitory effect of cocoa on Th activation (28, 56). However, the study of 
proliferative response and IL-2 secretion by the spleen and MLN from rats fed high 
doses of cocoa does not reveal any reduction. Nevertheless, and interestingly, there is  
a decrease of IL-4 secretion in these tissues (32, 47), suggesting that the intake of high 
doses of cocoa by young rats can down-regulate antibody synthesis and Th2 responses. 
These results agree with those obtained after administering quercetin in a murine model 
of asthma: this treatment reduces the increased levels of IL-4 and IL-5 and produces a 
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Table 25.4 
Effects of cocoa flavonoids, extract, or powder on in vivo acquired immune response

Treatment (doses 
and route) Experimental model Effects References

Cocoa powder  
(10% food intake)

Thymus of healthy 
young rats

↓ Proportion of CD4  +  CD8+ 
TCRablow cells

↓ Proportion of CD4-CD8-TCRa−
blow cells

↑ Proportion of CD4  +  CD8-
TCRabhigh cells

↑ Proportion of CD4-CD8-
TCRab-cells

(65)

Cocoa powder 
(10% food intake)

Spleen of healthy 
young rats

↑ Proportion of B cells
↓ Proportion of Th cells
↓ Serum IgG, IgM and IgA
~Spleen ability to secrete Ig

↑ Proliferative response
~IL-2 secretion
~IFNg secretion
↓ IL-4 secretion

(32)

Cocoa powder  
(10% food intake)

GALT (PP and MLN) 
of healthy young 
rats

↑ B cell proportion
↓ TCRab (Th) cell proportion
↓ Gut IgAs and IgMs
~Proliferative response

↑ IL-2 secretion
~IFNg secretion
↓ IL-4 secretion
~IL-10 secretion

(47)

Quercetin (3  ×  8–16 
mg/kg/day, i.p.)

Asthma induced in 
mice

↓ Asthmatic reaction
~IFNg secretion
↓ IL-4 secretion
↓ IL-5 secretion

(68)

Cocoa powder  
(4–10% food 
intake)

OVA-immunized rats ↓ Serum anti-OVA IgM, IgG1, 
IgG2a, IgG2c

↑ Serum anti-OVA IgG2b
↓ Anti-OVA IgG-secreting cells
~OVA-induced proliferative 

response

↑ IFNg secretion
↓ IL-4 secretion

(70)

GALT gut-associated lymphoid tissue; IFN interferon; i.p. intraperitoneal; MLN mesenteric lymph 
nodes; OVA ovalbumin; p.o. PP Peyer’s patches; TCR T cell receptor

significant inhibition of all asthmatic reactions (68). Similarly, the administration of 
quercitrin and a flavonoid extract of Kalanchoe pinnata protects mice from  anaphylactic 
shock and death and reduces the production of specific IgE antibodies, eosinophilia, and 
the synthesis of IL-5 and IL-10 (69).
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Recently, researchers have investigated the specific immune response developed in 
adult rats fed two long-lasting cocoa-diets (70). Serum concentrations of IgM, IgG1, 
IgG2a, IgG2b, and IgG2c antibodies specific to ovalbumin (OVA) have been determined 
after 4 weeks of immunization. It is noteworthy that IgG isotypes can be associated with 
Th1 or Th2 immune responses. In rats, IgG1 and IgG2a are associated with the Th2 
response, while IgG2b depends on the Th1 response (71–74). Cocoa diets decrease the 
serum anti-OVA IgM, IgG1, IgG2a, and IgG2c antibodies, but interestingly, anti-OVA 
IgG2b does not decrease but rather increases with a cocoa diet (70). Moreover, the number 
of cells that secrete anti-OVA IgG antibodies diminishes in lymph nodes, while the secre-
tion of IL-4 and IFNg decreases and increases, respectively, although the proliferative 
response does not change (70). Consequently, a cocoa diet seems to downregulate the Th2 
antibody response, whereas it can maintain Th1 antibody production. These results agree 
with those obtained in mice fed the isoflavone genistein (75) or apple polyphenols (48) or 
treated with flavonoid glycosides of Sedum sarmentosum (76). Similarly, a diet including 
two flavones (apigenin and chrysin) causes a decrease in the serum IgE (77). Taking 
together all these results, it can be concluded that dietary flavonoids can attenuate the 
synthesis of Th2-related antibodies. The mechanism responsible for this action remains to 
be established. Some studies concerning the effect of cocoa diets on cytokine expression 
indicate that this diet produces a certain imbalance in the Th1/Th2 ratio in favor of Th1 
(32, 70). These results are similar to those obtained with other flavonoids such as api-
genin, chrysin, centaurein, and centaureidin (77, 78). This imbalance would involve, 
among other effects, a decrease in the number of antibody-secreting cells, as it has been 
found in rats after ingesting a long-term cocoa diet (70). On the other hand, apigenin sup-
presses the synthesis of pathogenic autoantibodies in a mouse model of lupus, which is 
attributed to an inhibition of autoreactive Th1, Th17, and B cells (79). However, the 
administration of some flavonoids in a mouse model of disseminated candidiasis pro-
motes Th1 responses (IFNg and IL-2) and thus protects the mice against infection (80). 
All these results may suggest that cocoa-enriched diets followed over a long period of time 
can produce an attenuating effect on the Th2 response.

25.3  ANTIPROLIFERATIVE EFFECTS OF COCOA

To date, many studies performed in vitro or in experimental models have shown that 
flavonoids exert a wide range of biological activities related to antitumoral effects. 
These activities include the inhibition of several kinases and transcription factors, 
among other effects. Therefore, flavonoids seem to exert antiproliferative actions, apop-
tosis induction, and angiogenesis inhibition. However, few reports have analyzed the 
antiproliferative effects induced by whole cocoa powder. Some flavonoids present in 
cocoa as monomers or procyanidins have been studied in vitro and are likely to be effec-
tive as anticancer agents (81–84). However, a lack of literature occurs regarding animal 
research, cocoa administration, and cancer incidence. There are only some approaches 
associating flavonoid intake (including cocoa as a source) and the incidence of different 
types of cancer (85). Finally, it is summarized that the main preventive and therapeutic 
effects of cocoa and its major flavonoids on various pathways and molecular targets as 
well as evidence in animals and humans allow us to consider cocoa as an antiprolifera-
tive agent (Fig. 25.2).
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25.3.1  Antioxidant, Free-Radical Scavenging and Metal Ion Chelating 
Activities of Cocoa

Cancer includes a large number of diseases with distinct etiological factors that act 
as genotoxic agents. The oxidation of DNA by oxidant chemicals or ROS plays a role 
in mutagenesis and carcinogenesis. In contrast, the antioxidant effects of cocoa flavo-
noids delineate their putative beneficial action in controlling cell damage and tumor 
progression.

The cocoa procyanidins, epicatechin, and catechin, have an important antioxidant 
power (86–88). It has been estimated that a serving of dark chocolate or a cup of cocoa 
provides a high antioxidant activity greater than that of jasmine, black tea, or  blueberries 
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Fig. 25.2. Simplified diagram of the events during carcinogenesis and dissemination processes in 
which cocoa or its flavonoids have shown modulatory effects. First action takes place in the induction 
step, controlling DNA mutation. Later, promotion and progression are counteracted by cocoa action 
on some oncogenes and suppressor genes. Finally, the formation of secondary tumors may be pre-
vented by controlling the expansion of the primary tumor formed in the neoplastic transformation. 
MAPK mitogen activated protein kinases; MMP matrix metalloproteinases; ROS reactive oxygen 
 species; TF transcription factors; TKR tyrosine kinase receptors.
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(6, 9, 89, 90). The antioxidant activity of cocoa could be explained partially by a direct 
neutralizing action on free radicals. Epicatechin, catechin, and procyanidins scavenge 
oxidant radicals (39, 91–94), while cocoa flavonoids chelate metals and inhibit enzymes 
involved in ROS production (39, 95). Cocoa flavonoids also enhance other antioxidant 
compounds. Thus, epicatechin regenerates a-tocopherol from its corresponding radical 
(96), and quercetin increases glutathione concentration and the gene expression of super-
oxide dismutase (SOD) (97). The antioxidant effect of cocoa flavonoids has been deter-
mined in vitro in an oxidant-induced erythrocyte haemolysis model (98, 99) and in a 
lymphocyte cell line (100). Epicatechin also reduces the oxidative stress in HepG2 cells 
(101, 102), and procyanidins protect intestinal Caco-2 cells from integrity loss induced 
by oxidative stress (103). The cocoa polyphenolic extract inhibits ROS formation and 
xanthine oxidase activity in stimulated myelocytic leukemia HL-60 cells (39) besides 
enhancing the activity of antioxidant enzymes in human HepG2 cells treated with tert-
butylhydroperoxide (104). Recently, it has been shown that cocoa procyanidins decrease 
ROS production in rat pheochromocytoma cells (105), and cocoa extract and epicatechin 
reduce ROS production in a neuronal cell line exposed to oxidative stress (106).

Knowledge of the in vivo antioxidant effects of cocoa is rather limited. Some experi-
mental studies have evidenced that cocoa intake increases total antioxidant capacity and 
decreases lipid oxidation products in plasma or serum (12, 107–109). Studies in rats have 
shown that a cocoa-enriched diet increases the antioxidant capacity of lymphoid tissues, 
affecting the thymus more than the spleen (65). Moreover, cocoa intake in rats promotes 
antioxidant defense by boosting catalase and SOD activities in the thymus (65).

Cocoa intake also improves the in vivo antioxidant defense under stress situations. A 
long-term cocoa-fiber diet reduces lipid peroxidation in the serum and liver of hyperc-
holesterolemic rats (110). Moreover, cocoa intake reduces plasma 8-isoprostane in 
obese diabetic rats (111), and the intake of cocoa polyphenols increases the resistance 
of LDL to oxidation in rabbits (112). Although less is known about these effects in 
humans, similar results regarding LDL oxidation have been found (113–115), and in 
one study, a two-week consumption of chocolate with a high flavanol content counter-
acted oxidative stress in soccer players (116).

Some in vivo approaches have associated the antistress oxidative action of cocoa 
with cancer modulation. Thus, the daily administration of 400 mg/kg of cocoa to rats 
reduces liver injury, hepatic necrosis, steatosis, and inflammation induced by oxidative 
stress (117). More recently, the intake of a cocoa-rich diet has shown a partial attenua-
tion of liver injury induced with N-nitrosodiethylamine in rats by the induction of anti-
oxidant defenses and the modulation of signals related to cell death (118). In addition, 
the protective effect of cocoa in vivo also has been described in rodent models of color-
ectal and lung cancer (119, 120).

25.3.2  Effects of Cocoa on Metabolizing Enzymes
The body has a complex and extensive system of metabolizing enzymes in charge of 

converting lipophilic compounds – which may be xenobiotics – to more hydrophilic 
compounds that are more easily excreted. The objective of metabolism is the deactiva-
tion of these chemicals, and therefore detoxification; but this action sometimes can 
result in products that are more active.
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It has been posited that flavonoids may affect phase I and II of drug-metabolizing 
enzymes. Flavonoids are able to produce both the inhibition of phase I enzymes and the 
activity increase of phase II enzymes. Thus, flavonoids can, respectively, decrease the 
metabolic activation and increase detoxification of pro-carcinogens in both animals and 
humans (121, 122).

In this regard, the antimutagenic properties of cocoa-liquor polyphenols have been 
described. Studies performed by Yamagishi and coworkers have shown that the p.o. 
administration of cocoa powder or cocoa liquor diminishes the mutagenic action of 
heterocyclic amines in rats (123, 124). They also described the positive effect of cocoa 
procyanidins on mammary and pancreatic tumorigenesis in female Sprague–Dawley 
rats (125) and on lung carcinogenesis in male F344 rats (126).

25.3.3  Inhibition of Growth-Factor Activities by Cocoa
The overexpression and mutation of some tyrosine kinase receptors (TKRs) can induce 

key signals for tumor growth and metastasis, such as cellular survival, proliferation, and 
migration. Some of these TKRs are specific for growth factors like epidermal growth fac-
tor (EGF), insulin growth factor (IGF), platelet-derived growth factor (PDGF), vascular-
endothelial growth factor (VEGF), fibroblast growth factor (FGF), and c-Kit or c-Met. 
Research has shown that flavonoids are able to inhibit TKRs by acting as a mimetic in 
their ATP-binding sites and therefore conferring antiproliferative effects (127).

Among the flavonoids present in cocoa with TKR signaling inhibition ability, the 
minor compounds quercetin and luteolin are the most studied. Quercetin inhibits the 
EGF-dependent growth in breast cancer (MCF-7), hepatocarcinoma (HepG2), epider-
moid carcinoma (A431), and colon tumor (WiDr) cell lines by decreasing EGF-receptor 
phosphorilation (128, 129). Quercetin also blocks the EGF-stimulated growth and 
migration activities of pancreatic carcinoma cells (MiaPaCA-2), leading to cell apopto-
sis (129–131). This flavonoid also reduces the growth of a mouse fibroblastic cell line 
(NIH3T3) that expresses surface receptors of PDGF and FGF (128). Similarly, luteolin 
suppresses the growth of an epidermoid carcinoma (A431) cell line, probably by inhib-
iting the EGF-receptor signaling pathway (129, 130).

On the other hand, although epicatechin has not shown any inhibitory effect on some 
TKR pathways, epicatechin-3-O-gallate partially reduces the phosphorilation of some 
intracellular kinases on a breast cancer cell line (MCF-104) (132). In addition, in 
endothelial cells (HAEC), cocoa procyanidins decrease the expression of a human EGF-
receptor, the erythroblastic leukemia viral oncogene homolog 2 (ErbB2), which is a 
TKR that usually mutates in patients with breast and ovarian cancer (133).

25.3.4  Modulation of MAPK Pathways by Cocoa
The family of mitogen-activated protein kinases (MAPK) is involved in conserved sig-

nal transduction pathways activated by extracellular stimuli. MAPK activation leads to cell 
proliferation and differentiation by controlling the activities of downstream transcription 
factors (134). Modulation of their pathways by cocoa flavonoids has been reported (135).

The extract of cocoa, procyanidin and procyanidin B2 bind and inhibit the activity of 
the mitogen-activated kinase–kinase (MEK) – 1 in a mouse epidermal cell line and in 
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vascular smooth-muscle cells (136, 137). MEK-1 phosphorylates the extracellular 
 signal-regulated protein-kinase (ERK), which promotes cell survival through antiapop-
totic signaling pathways (138). After activation, ERK levels decline; therefore, there is 
an enhancement of cell apoptosis and death (139). Some studies have reported variabil-
ity in the effects of cocoa on ERK, but overall, either cocoa intake or the in vitro addi-
tion of cocoa procyanidin B2 modulates ERK activity (138–141). On the other hand, a 
cocoa polyphenolic extract on Caco-2 cells reduces the expression of MAPK-kinase-1 
(MAPKK1), kinase that also phosphorilates ERK (142). In addition, both the flavanols 
and procyanidins added separately to human dermal microvascular endothelial cells 
have shown an inhibitory activity on MAPKK1 gene expression (133).

Otherwise, c-jun N-amino terminal kinase (JNK) and p38MAPK, members of the 
MAPK superfamily, are involved in differentiation, inflammatory responses, and cell death 
(138). These kinases are down-modulated both in vitro and in vivo by cocoa extract and by 
pure fractions but not by epicatechin alone (101, 105, 106, 138). Finally, the pathway of 
protein kinase b (AKT) regulates the activity of numerous molecular targets and is activated 
in various types of cancer (143, 144). Epicatechin and cocoa polyphenolic extract activate 
this survival pathway on HepG2 cell lines (139, 141), but a cocoa diet seemed to prevent 
this activation in an experimental rat model of hepatotoxic injury (118).

25.3.5  Influence of Cocoa on Transcription Factors
Nuclear factor-kB (NF-kB) is a transcription factor (TF) involved in inflammation, 

cell proliferation, and oncogenic processes (145). Activator protein-1 (AP-1) is a 
 heterodimeric protein complex involved as a TF in apoptosis and cancer development, 
among other biological processes (146). Both TFs are modulated by MAPK pathways, 
and as some cocoa flavonoids modulate these pathways, they can also affect the 
 down-stream consequences of these pathways. Nevertheless, flavonoids could directly 
modulate these TFs (147).

In vitro, epicatechin, catechin, and quercetin, as well as the extract of cocoa procya-
nidin and B-type dimeric procyanidins, down-modulate NF-kB and AP-1 in different 
cancer cell lines (136, 138, 148–150). The effect on NF-kB seems to be mediated at 
early stages by decreasing the activation of IkB-kinase (IKK), consequently diminish-
ing the concentration of phosphorilated IkBa (150). Moreover, in the late pathway of 
NF-kB activation, flavonoids may inhibit NF-kB binding to its DNA consensus 
sequence (147, 148). On the other hand, regarding AP-1 activation, only little effect is 
produced by catechin, epicatechin, or B1 and B2 procyanidins in a human cell line of 
colon carcinoma (HT-29) (146).

The expression of other TFs, such as the signal transducer and activator of transcrip-
tion (STAT) 1, is downregulated by cocoa and epicatechin in Caco-2 cells as shown by 
cDNA arrays (142). However, procyanidin B2 fails to inhibit the STAT3 transcription 
factor, which also is altered in some cancers (148).

25.3.6  Antiproliferative Activity of Cocoa
Cocoa flavonoids have also demonstrated antiproliferative activity in several tumor cell 

lines, probably due to the influence on some of the above-described molecular  targets. 
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One study shows that catechin regulates the cell growth of human colorectal cancer cells 
(HCT-116) through a novel mechanism of post-transcriptional suppression (151). 
However, other studies are controversial and show that epicatechin and catechin appear to 
be ineffective in controlling the proliferation of other cancer cell lines, such as mouse 
myeloma cells (Sp2/O-Ag14). This lack of effect may be due to the low hydrophobicity 
of these flavonoids and therefore their minor membrane effects (152). For that reason, 
some chemical modifications of flavonoid monomers have been synthesized to better 
achieve antiproliferative effects. Thus, a synthetic epicatechin derivative has high activity 
as an irreversible inhibitor of the dihydrofolate reductase (153). Moreover, some procya-
nidin derivatives of epicatechin and catechin show a high inhibition of proliferation and 
therefore high cytotoxicity on gastrointestinal-tract and prostate cell lines (154).

Focusing on cocoa, both the powder itself and a procyanidin-enriched extract have 
shown in vitro antiproliferative effects on a human cell line of colon cancer (Caco-2) by 
causing non-apoptotic cell death, affecting cell cycle progression, and inhibiting 
polyamine biosynthesis (155). Pentameric procyanidins isolated from Theobroma cacao 
selectively inhibit the proliferation of several human cell lines of breast cancer (156). In 
addition, the hexameric procyanidin fraction isolated from cocoa has shown a protective 
effect by reducing induced cytotoxicity after cell-membrane interaction (103).

Considering the association between inflammatory and carcinogenic processes, 
improper upregulation in the expression of COX-2 increases cell proliferation and ang-
iogenesis, which implies its involvement in the progression of cancer (157). Cocoa pro-
cyanidins inhibit the expression of COX-2 in a dose-dependent manner that may be due 
to an upstream action in the MAPK pathway and/or to NF-kB suppression (39, 136, 
139). However, the inhibitory activity on COX-2 has also been attributed to other 
 phytochemicals present in cocoa, such as caffedymine and its analogs, in addition to the 
flavonoids (158).

25.3.7  Apoptosis Regulation by Cocoa
A broad array of pro-apoptotic and antiapoptotic effector molecules controls the equi-

librium between cell death and the renewal of damaged or abnormal cells. Flavonoids 
have been shown to control apoptosis in both in vitro and in vivo studies (105, 159).

Some flavonoid monomers can up- and down-regulate the expression of p53 and 
Bcl-2, respectively, promoting in vitro cancer cell apoptosis (160). In addition, 
 epicatechin has an arresting effect on the cell cycle of esophageal adenocarcinoma cells 
(161). Interestingly, the induction of apoptosis in cancer cell lines is more pronounced 
with oligomer/polymer than with monomer flavonoids (162, 163). In this sense, procya-
nidins inhibit the growth of several breast-cancer cell lines by inducing the arrest of 
their cell cycle in the G0-G1 phase (163). Procyanidins also induce apoptosis and necro-
sis on a human hormone-resistant prostate-cancer cell line (PC-13) through a mitochon-
drion-dependent mechanism (164). Regarding the effect of cocoa on apoptosis, cocoa 
pentameric procyanidins induce the dephosphorilation of p53 and then control the pro-
liferation of human breast cancer cells (156).

Considering antiapoptotic proteins, the cocoa procyanidin B2 inhibits the gene 
expression of Bcl-xL, Bcl-2, XIAP, and cFLIP in different Hodgkin’s lymphoma cell 
lines (148). In one rat pheocromocytoma PC12 cell model, not only procyanidin B2 but 
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also the cocoa procyanidin fraction downregulated Bcl-xL and Bcl-2 (105). To date, 
Bcl-2 has been shown to induce mitochondrial dysfunction by releasing cytochrome c 
from the mitochondria, which leads to the activation of the caspase pathways. A 
decrease in caspase-3 activity has been shown to occur in cocoa added both in vitro 
(105) and in animals fed cocoa in a carcinogenic rat model (118).

25.3.8  Role of Cocoa on Transformation, Migration, and Angiogenesis
Cell neoplastic transformation, migration, and invasion are considered major events 

occurring during carcinogenic processes. Some of these steps are modulated by cocoa 
and its flavonoids. In this sense, the cocoa procyanidin fraction and procyanidin B2 
inhibit the in vitro neoplastic transformation of JB6P  +  cells, which involves the inhibi-
tion of MEK/ERK signal-transduction pathways (136). On the other hand, MMPs are 
able to degrade the extracellular matrix proteins, allowing cancer progression and meta-
static spread. The activity of these enzymes seems to be modulated by the MAPK and 
NF-kB pathways (159, 165). As cocoa modulates these upstream factors, it can also 
influence MMP and hence the invasive activity of some cancers. Thus, cocoa procyani-
dins inhibit the activity of MMP-2 (137), whereas quercetin has similar effects on 
MMP-2 and MMP-9 (166, 167). Furthermore, oligomer procyanidins selectively inhibit 
chemotaxis, the G0-G1 phase transition, and the MMP activity of the human astrocytoma 
cell line U-87, reducing tumor progression, cell invasion, and metastasis (168). Finally, 
the cocoa flavonoid luteolin blocks the invasive and migration activities of pancreatic 
carcinoma cells (MiaPaCA-2) by inhibiting the EGF-receptor tyrosin activity (131).

Uncontrolled angiogenesis is a key process contributing to tumor growth involving 
endothelial cell proliferation (with the participation of some cell cycle regulators such 
as the MAPK pathways). Although very few studies on cocoa are available, purified 
flavanol and procyanidin fractions from cocoa have been shown to inhibit endothelial 
signaling and growth through the downregulation of ErbB2 (133).

25.3.9  Human Evidence Associating Cocoa Intake and Cancer
Although the in vitro and experimental preclinical studies above demonstrated a pro-

tective effect of cocoa on proliferative disorders, at present there are limited studies evalu-
ating the relationship between human cancer development and cocoa intake. Nevertheless, 
some observational studies have evaluated the association between cancer incidence and 
diets (169–172). These studies consider flavonoid consumption as flavones, flavonols, 
flavan-3-ols, procyanidins, flavanones, and isoflavones by using the dietary history 
method or the food frequency questionnaire and its association to lung (173–175), color-
ectal (176, 177), or breast (178) cancers. Although these data suggest some association 
between a flavonoid-rich diet and protection from cancer, significant relationships have 
not always been found. In a cancer-prevention study cohort of 24,111 healthy male smok-
ers, only stratified analysis could link the intake of these compounds with the reduction of 
pancreatic cancer risk (179). Another interesting report is a large case-control study that 
demonstrated the differential effectiveness of flavonoid intake on gastric cancer develop-
ment between females and males: an inverse association was found between plasma 
 flavonoids and disease in women, but no such association was described for men (180).
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A recent case-control study involving 1,456 cases per group (85) evaluated the major 
dietary flavonoids quercetin, catechin, epicatechin, naringenin, and hesperitin, and their 
relationships to colorectal cancer. Except for hesperitin, the other four flavonoids are 
present in cocoa products. This study examined the consumption of chocolate as a 
source of flavonoids, ascribing 6% of epicatechin intake coming from cocoa. The main 
finding of this study was that patients with colorectal cancer consumed lower amounts 
of flavonols and procyanidins, particularly quercetin, catechin, and epicatechin than 
matched control individuals, in a dose-dependent relationship (85). On the other hand, 
the cocoa-protective effect has been described in some other cohort and case-control 
studies as showing an inverse relationship between quercetin, catechin, and epicatechin 
intake and lung cancer (170, 175, 181).

Finally, this chapter cannot end without talking about the Kuna Indians of Panama. 
The population residing in the indigenous area of the San Blas islands has the highest 
flavonoid intake, compared to any other community. Their flavonoid source is a flava-
nol-rich cocoa beverage, which contributes more than 900 mg flavonoids/day to their 
diet (182). The frequency of cancer death within the Kuna population living in San Blas 
is significantly lower than that of people living in mainland Panama, which can be the 
result of cocoa consumption, although other possible explanations may exist (182).

25.4  CONCLUSIONS AND PERSPECTIVES

Cocoa is a food with a high nutritional value and with bioactive compounds that have 
demonstrated to be effective on some physiological and pathophysiological processes. 
In this sense, cocoa and its flavonoids modulate innate and acquired immune responses. 
In vivo results suggest that cocoa can produce an attenuating effect on both inflamma-
tion and acquired Th2 responses. These immunoregulatory actions may be beneficial in 
reducing certain states of autoimmunity and hypersensitivity. In addition, accumulated 
evidence suggests the efficacy of cocoa as a potential antiproliferative food. Cocoa fla-
vonoids act at different molecular and cellular levels, but the precise underlying mecha-
nism and the specific active components remain unknown. Further preclinical studies 
and clinical trials are needed to investigate the mechanism involved in cocoa actions and 
to justify their usage as adjuvant or combination therapy for the prevention and  treatment 
of immune-mediated diseases and in cancer development and metastasis.
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26 Maturation and Activation  
of Dendritic Cells by Botanicals  
Used in Traditional Chinese Medicine: 
Role in Immune Enhancement

Xin Chen

Key Points

The therapeutic effects of traditional Chinese medicines (TCM) are usually attributed •	
to its up- or downregulation of immune responses.
Dendritic cells (DCs) as professional antigen-presenting cells (APCs) play a central •	
role in the initiation and regulation of immune responses.
A number of TCM herbal medicines or their components have •	 in vitro and in vivo 
activity in promoting major functions of DCs.
The promotion of DC function may underlie the efficacy of TCM in the treatment of •	
immunosuppressive diseases, such as cancer and viral infection.
These findings also provide the basis for the development of novel therapeutic agents •	
from traditional medicinal botanicals.

Key Words: Immunology, dendritic cells, traditional chinese medicine, polysaccharide,  
host resistance.

26.1  INTRODUCTION

Traditional Chinese medicine (TCM) has been used for a long time in China and 
other Asian nations for the treatment of a wide spectrum of diseases and disorders. The 
clinical effects of TCM are usually attributed to its capacity in upregulating or down-
regulating immune responses (1, 2) with support from recent laboratory studies. For 
example, our group found that Ying Zhi Huang, a multiple component TCM product 
with anti-inflammatory efficacy, potently inhibited the activation of T lymphocytes (3). 
Furthermore, we identified another two immunosuppressive TCM products with the 
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capacity to inhibit chemokine-induced leukocyte chemotaxis (4). This study led us to 
identify a number of chemical compounds from TCM with inhibitory activity on chem-
okines/chemokine receptors interactions (5–10).

More recently, studies aimed at understanding the action of TCM on dendritic cells 
(DCs) have been gaining increasing attention. Accumulating data indicate that some 
immunosuppressive TCM have the capacity to suppress the development and function 
of DCs, while other TCM that enhance host resistance to infection and tumor are able 
to promote the activation of DCs. The inhibitory effect of TCM on maturation and bio-
logical function of DCs, including trafficking (11), has been previously reviewed by us 
(12). We will therefore focus our discussion in this review to studies to botanicals or 
their components in TCM with the capacity to promote the maturation and antigen-
presentation function of DCs.

DCs are a heterogeneous population of bone-marrow-derived myelocytic leukocytes 
that specialize in the uptake, processing, transport, and presentation of antigens to effec-
tor cells participating in both innate and adaptive immune systems. By  constantly sam-
pling the environmental antigens, immature DCs distributed in the peripheral tissues act 
as sentinels. After encounter with microbial products or  damaged tissue, DCs are 
induced to mature and as a result upregulate their expression of CCR7 which enable 
them to migrate away from inflammatory sites to draining LNs. The microbial products 
are processed by DC and then presented on the surface of matured DC as antigenic 
peptides by major histocompatibility complex (MHC) molecules. In addition, the sur-
face expression of co-stimulatory molecules is upregulated during the course of matura-
tion, which enables DCs to become effective activators of effector lymphocytes. DCs 
thus initiate immunity by activating effector T and B cells to mount adaptive immune 
responses and by the concomitant production of cytokines which activate cells of innate 
immune system such as natural killer (NK) cells and macrophages (13–15). The stimu-
lation of maturation or promotion of biological function of DCs by pharmacological 
agents has the potential to boost immune responses against cancer and pathogens as 
well as to enhance the efficacy of vaccines. It is therefore not surprising that TCM with 
activity to stimulate maturation and activation of DCs are mainly “Qi-enhancing” herbs 
with the capacity to strengthen host resistance and many of which are historically used 
for the treatment of cancer, as reviewed below.

26.1.1  Amomi Semen (Sha Ren)
Fuhui and colleagues screened 99 Chinese herbal medicines on the activation of DCs 

which led to the discovery that an extract of amomi semen (amomum seed, known in 
China as Sha Ren) had both in vitro and in vivo activity of activating DCs. Initially, the 
effects of ethanol extracts of 99 herbal medicines on MHC II expression by XS106, a 
murine epidermal-derived Langerhans cell line, was examined. Amomi semen, Polyporus 
(Polyporus sclerotium, Zhu Ling in Chinese), and plantaginis semen (Plantago seed, 
Che Qian Zi in Chinese) were found to upregulate the expression of MHC II on XS106 
cells. The effects of these extracts on the phenotype (MHC class II, CD80, and CD86) 
and IL-12p70 production by mouse bone marrow-derived DCs (BMDCs) were exam-
ined. Amomi semen extract markedly induced the phenotypic maturation and production 
of IL-12p70 by BMDCs, which was comparable to the effect of LPS stimulation. The 
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immunological adjuvant effect of amomi semen extract was studied in the E.G7-OVA 
(ovalbumin) tumor model. The treatment of mice with a subcutaneous injection of 
BMDCs pre-incubated with amomi semen extract and pulsed with OVA peptide signifi-
cantly inhibited the growth of tumor cells and prolonged survival compared to controls. 
Furthermore, therapeutic effects were also observed on established tumors. The inhibi-
tion rates for both the prophylactic and therapeutic protocols were comparable to those 
of lipopolysaccharides. These results indicate that amomi semen extract potently acti-
vates DCs and they become potentially therapeutically useful (16). The effect of extract 
of amomi semen on the activation of DCs was not based on its contamination with LPS, 
since the effect could not be abrogated by the treatment of polymyxin B (16). 
Identification of active component(s) contained in ethanol extract of amomi semen 
responsible for the activation of DCs should be addressed in a future study.

26.1.2  Astragalus Membranaceus (Huang Qi)
The root of Astragalus membranaceus (known in China as Huang Qi) is used in TCM 

to enhance host resistance and for cancer therapy. Its effects were attributed to boosting 
anti-tumor immunity (for review, see ref. (17)). Dong and colleagues reported that 
Astragulus Injection (AGI), an injectable preparation comprising the extract of Huang 
Qi, enhanced the DC-based vaccine-mediated inhibition of metastasis in a mouse tumor 
model. In their study, myeloid DCs from C57BL/6 mice were pre-sensitized by Mut1 
(a MHC class I-restricted polypeptide tumor antigen expressed by Lewis lung cancer). 
These DCs were then used to treat mice with metastatic lung cancer in combination 
with AGI or IL-2. After being treated with tumor antigen polypeptide sensitized DCs 
plus AGI or IL-2, the size of lung cancer modules decreased, the proportion of subsets 
CD4+ and CD8+ T cells in mouse spleen increased, and the IL-2/IL-4 ratio in serum also 
increased significantly. During the observation period, the growth rate of tumor in mice 
treated with DCs combined with either IL-2 or AGI, was lower than that in mice treated 
with DCs alone (18).

The pharmacological activity of Astragulus is likely due to polysaccharide fractions 
(19, 20). Shao and colleagues reported that treatment with Astragulus polysaccharide 
(ASP, 10–250 µg/ml) upregulated the surface expression of CD11c and MHC II and 
increased the production of IL-12, while decreasing the phagocytic capacity of murine 
BMDC (21). Polysaccharides from astragalus also are reported to bind directly to 
TLR4 on macrophages (22). Thus, activation of DC by this polysaccharide may also be 
mediated by TLR4.

26.2  BU ZHONG YI QI TANG (OR HOCHU-EKKI-TO)

Bu Zhong Yi Qi Tang (BZYQT), also known as Hochu-ekki-to (HOT) in Japan, is a 
TCM herbal preparation extracted from ten herbal plants by boiling them in water. 
BZYQT is one of the most popular traditional herbal remedy used in Southeast Asian 
nations and is prescribed mainly for chronic fatigue, immune deficiency, and malnou-
rished patients (23). BZYQT has various biological effects, including enhancing immune 
response. Preliminary clinical data suggest that BZYQT may be beneficial for tumor 
patients, presumably by boosting anti-tumor immunity (24). BZYQT was reported to 
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promote antitumor immune responses in mice by inducing tumor-specific type 1 cytokine 
production (25, 26) and to stimulate GM-CSF and TNF production by peripheral blood 
mononuclear cells (PBMC) from both healthy subjects and hepatocellular carcinoma 
patients (27). This TCM was also reported to increase IL-18-induced ICAM-1 and B7.2/
CD86 expression as well as TNF and IFNg production by human PBMC (28).

Nabeshima and colleagues examined the effect of this herbal remedy on the matura-
tion of DC. In their study, immature human monocyte-derived DCs (MoDCs) were 
stimulated with BZYQT, TNF, or LPS (BZYQT-DC, TNF-DC, and LPS-DC, respec-
tively) for 2 days. Flow cytometric analysis showed that BZYQT dose-dependently 
stimulated DC to express the surface maturation markers CD80, CD83, and CD86 and 
was comparable to the effects of TNF and LPS. Similar to LPS-DC, BZYQT-DC 
reduced their albumin uptake capacity and exhibited potent allogeneic stimulatory 
activity. However, IL-12 p70 production by BZYQT-DC and TNF-DC was lower than 
that by LPS-DC (23). Thus BZYQT has the capacity to stimulate the maturation of DC 
and therefore may be beneficial for the establishment of anti-tumor immunity.

26.2.1  Ganoderma Lucidum (Ling Zhi or Reishi)
Ganoderma lucidum (GL), known in China as Ling Zhi and Japan as Reishi, is a 

medicinal mushroom used in Asia as a tonic in promoting longevity and health. GL has 
been reported to boost immune responses and consequently has anti-tumor and antiviral 
effects (29). Various components isolated from GL, such as polysaccharides, protein 
(LZ-8), and triterpene were found to promote the maturation of DCs.

26.2.1.1  Polysaccharides

The polysaccharides present in GL have been extensively studied by the  immunologists, 
and its capacities to activate antigen-presenting cells (APCs), mononuclear phagocytes 
as well as T and B lymphocytes have been documented (for review, see ref. (30)).

Lin and colleagues reported that the development of MoDC with polysaccharide 
from GL (PS-G) enhanced the surface expression of CD80, CD86, CD83, CD40, CD54, 
HLA-DR and the production of IL-12p70, p40, and IL-10. PS-G treatment inhibited 
endocytosis by DC and increased the capacity of DC to activate T cells. Antibody 
against TLR4 inhibited the PS-G-induced activation of DC, suggesting a vital role of 
TLR4 in the effect of PS-G. Furthermore, PS-G treatment resulted in the activation  
of IkB kinase, NF-kB, and the increase of MAP kinase phosphorylation. The inhibition of 
NF-kB by helenalin and p38 MAPK by SB98059 prevented PS-G-induced activation  
of DC (31). Thus, PS-G is able to activate DC by a NF-kB and MAPK pathway. The 
evidence that toll-like receptors are utilized by PS-G is supported by studies showing 
that TLR4 was used by PS-G to activate macrophages (32–34), and TLR4/TLR2 was 
used by PS-G to activate B cells (34, 35). Furthermore, these effects of PS-G were 
reportedly not mediated by any contaminating LPS (32). The same group further exam-
ined the effects of PS-G on human MoDC with microarray analysis. In comparing mean 
signal values between PS-G-treated DCs with untreated DCs, 3,477 (17%) probe sets 
were upregulated, and 4,418 (19%) probe sets were downregulated by PS-G treatment. 
These results demonstrate that genes associated with phagocytosis (CD36, CD206, and 
CD209) are decreased and genes associated with proinflammatory chemokines (CCL20, 
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CCL5, and CCL19), cytokines (IL-27, IL-23A, IL-12), and co-stimulatory molecules 
(CD40, CD54, CD80, and CD86) were increased. To confirm the microarray data, they 
further investigated the effect of PS-G on antigen-specific antibody and cytokine pro-
duction. Immunization with ovalbumin (OVA)/PS-G showed that the anti-OVA IgG2a 
levels were increased compared with OVA alone in BALB/c mice (36). These data 
demonstrate that PS-G could effectively promote the activation and maturation of 
immature DCs which have the capacity to preferentially stimulate Th1 responses.

Cao and colleagues examined the effect of GL-P on the generation of tumor-specific 
cytotoxic T lymphocytes (CTL) by DCs. Mouse BMDCs were pulsed with P815 tumor 
cell lysate in the presence of GL-PS (0.8–12.8 mg/ml). P815 specific CTL were induced 
by splenic lymphocytes stimulated with mature DC, as shown by the increased activity of 
Lactate dehydrogenase (LDH) and enhanced production of IFNg and Granzyme B (37).

Chan and colleagues compared the effects of GL mycelium extract (GL-M) and spore 
extracts (GL-S) on human PBMC and MoDC. They found that GL-M (10 mg/ml, 72 h) 
induced ~fourfold increase in the proliferation of PBMCs as compared with an untreated 
control. In contrast, GL-S suppressed the proliferation of PBMCs and induced cellular 
apoptosis. Both extracts stimulated Th1 and Th2 cytokine mRNA expression, but GL-M 
was a relatively more potent Th1 stimulator. Unlike GL-S, GL-M enhanced the matura-
tion of DCs including upregulation of CD40, CD80, and CD86, and reduction in endocy-
tosis of fluorescein isothiocyanate-dextran. However, GL-M-treated DCs only modestly 
enhanced lymphocyte proliferation in allogeneic mixed lymphocyte culture with a low 
degree of enhancement in the effector function of T cells (38). This group further com-
pared the effects of different sources of polysaccharides. They found that pure GL myc-
elium polysaccharides (GL-P) markedly enhanced the proliferation of PBMCs and 
induced the phenotypic and functional maturation of MoDC with the production of high 
levels of IL-12 and IL-10. In contrast, GL spore and barley polysaccharides-derived pure 
glucan did not show stimulatory activity on DC (39). Thus, polysaccharides from GL 
mycelium have a unique stimulatory effect on DC maturation.

26.2.1.2  Zhi-8

LZ-8 is a protein derived from GL with immunomodulatory capacities (40, 41). Lin 
and colleagues examined the effects of rLZ-8 derived from yeast on human monocyte-
derived DCs. The treatment of DC with rLZ-8 (5–50 mg/ml, 24–48 h) enhanced cell-
surface expression of CD80, CD86, CD83, and HLA-DR, as well as the production of 
IL-12 p40, IL-10, and IL-23, and was associated with the suppression of endocytosis. 
The effect of rLZ-8 was not due to contamination by LPS, since proteinase K abrogated 
the effect of rLZ-8 on DCs. In addition, the treatment of DCs with rLZ-8 increased allo-
lymphocyte stimulatory capacity. Naïve T cells stimulated with rLZ-8-treated DCs 
produced higher levels of IFNg and IL-10. Neutralization with antibodies against TLR4 
inhibited the rLZ-8-induced production of IL-12 p40 and IL-10 in DCs. Furthermore, 
rLZ-8 can stimulate TLR4 or TLR4/MD2-transfected HEK293 cells to produce IL-8, 
suggesting that TLR4 is used by LZ-8 to stimulate DCs. rLZ-8 was able to augment 
IKK, NF-kB activity, and also IkBa and MAPK phosphorylation. Further, the inhibi-
tion of NF-kB by helenalin prevented the effects of rLZ-8 to various degrees. To con-
firm the in vitro data, the effect of rLZ-8 on antigen-specific antibody and cytokine 
production in BALB/c mice was investigated. Immunization with OVA/rLZ-8 resulted 
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in markedly higher levels of anti-OVA IgG2a, IFNg, and IL-2, as compared with OVA 
alone (42). Thus, in addition to polysaccharides, GL-derived proteins such as LZ-8 also 
promote the activation and maturation of immature DCs.

In addition, Wang and colleagues reported that ganoderma triterpene (40–200 µg/ml) 
stimulated the proliferation of DC derived from mouse spleens. Furthermore, gano-
derma triterpene enhanced the GM-CSF/IL-4-mediated development of DCs (43) and 
thus may promote the differentiation of DCs.

26.2.2  Panax Ginseng (Ren Shen)
Ginseng (in China known as Ren Shen) is one of the most widely used herbal medi-

cines in TCM and other traditional medicines and reportedly has a wide range of thera-
peutic and pharmacological activities, including the capacity to boost immune responses 
(17, 44). The metabolites of saponin and polysaccharides present in ginseng were 
shown to have the capacity to activate DCs.

 26.2.2.1 Ginsenoside

Ginsenosides is the major pharmacologically active ingredient of ginseng and is 
responsible for most of the activities of ginseng (44). Orally administered ginsenosides 
are promptly metabolized in the digestive tract and absorbed into circulation (45). The 
inhibition of lung metastasis by ginsenosides is actually mediated by the intestinal bac-
terial metabolite M1 derived from protopanaxadiol saponins of ginseng (45). Takei and 
colleagues investigated the effects of M1 and M4, the end products of metabolized 
steroidal ginseng saponins in digestive tracts, on the maturation of DCs in vitro. Human 
monocytes were cultured with GM-CSF and IL-4 for 6 days, followed by another 2 days 
in the presence of M1, M4, or TNF as a maturation stimulus. Stimulation with 1–20 µM 
of M1 or M4 increased the expression levels of HLA-DR, CD1a, CD80, CD83, and 
CD86, accompanied with decreased endocytotic activity. DCs primed with M1 and M4 
produced high levels of IL-12 and IL-6 upon CD40-L stimulation. M1- and M4-treated 
DCs acquired the expression of CCR7 and migrated in response to MIP-3b. M4-matured 
DCs also displayed enhanced T cell stimulatory capacity in an MLR (mixed lymphocyte 
reaction), as measured by T cell proliferation. Furthermore, M1- and M4-mediated 
maturation of DCs endows them with the capacity to polarize CD4+CD45RA+ naive T 
cells toward Th1 cells, as shown by the production of high levels of IFNg and low levels 
of IL-4, IL-5, and IL-10. M4-treated DCs had the capacity to increase the cytotoxicity 
of CD8 cells (46). The effect of M1 and M4 on the maturation of DCs was reportedly 
not based on LPS contamination (46). These results suggest that the effect of metabo-
lites of ginsenosides on the maturation of DCs and promotion of Th1 responses may 
contribute to their anticancer activity (45).

 26.2.2.2 Polysaccharides

Polysaccharides isolated from Panax ginseng have been shown to activate immune 
cells such as macrophages, B cells, and T cells (47), and promote the differentiation of 
anti-tumor Th1 responses (48, 49). Kim and colleagues found that the in vitro treatment 
of ginseng polysaccharides (0.1–10 µg/ml) increased the viability of mouse bone mar-
row cells following gamma radiation. Furthermore, ginseng polysaccharides also 
enhanced the production of IL-12, expression of MHC II, co-stimulatory molecule 
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(CD86) and allostimulatory activity. In vivo administration of ginseng polysaccharides 
(100 mg/kg) to mice markedly increased the number of bone marrow cells in gamma-
irradiated mice. These bone marrow cells from ginseng polysaccharide-treated mice 
included DC progenitors, since DCs could develop in vitro culture following irradiation 
(50). Presumably, the crude extract of ginseng comprises both ginsenosides and 
polysaccharides, and these two components may have additive or even a synergistic 
effect in the activation of DCs.

26.2.3  Lycium Barbarum (Guo Ji Zi)
The fruit of Lycium Barbarum L. (L. Barbarum, also known as wolfberry, and Guo Ji 

Zi in China), is a commonly used Chinese herbal medicine as well as tonic food dietary 
supplement and is used in the treatment of diseases such as insomnia, liver dysfunction, 
diabetes, visual degeneration, and male infertility (44, 51). The polysaccharide–protein 
complex (LBP) is a major active component of L. barbarum (52, 53). Laboratory studies 
revealed a wide spectrum of pharmacological activities of LBP. For example, it has been 
reported that LBP has antioxidative activity (42), antagonizes glutamate excitotoxicity in 
rat cortical neurons (54), attenuates radio- and chemotherapy-induced myelosuppression 
(51), induces human hepatoma apoptosis, and inhibits hepatoma proliferation (55). 
Nevertheless, the in vitro and in vivo stimulatory activity on immune competent cells 
appears to be the most profound biological activity of LBP (52, 56, 57). It has been 
shown that BPL affects the activation of different lineage of immune cells, including 
lymphocytes (58), DCs (44) and macrophages (59). Duan and colleagues found four 
polysaccharides derived from LBP-enhanced splenocyte  proliferation induced by Con A 
(concanavalin A). Polysaccharides containing an  alpha-(1→4)-d-polygalacturonans 
backbone showed greater immunostimulatory  activity (60).

Chen and colleagues separated LBP into five homogeneous fractions, designated 
LBPF1, LBPF2, LBPF3, LBPF4, and LBPF5 and found that LBP, LBPF4, and LBPF5 
markedly stimulated the proliferation of mouse splenic CD3+ T cells, but not CD19+ B 
cells in concentration ranges of 1–300 mg/ml (P  <  0.05–0.01), thus excluding the effect 
of potentially contaminating LPS, which is a potent stimulant of B cell proliferation 
(58). In addition, LBP (50 mg/kg, i.p.) markedly upregulated the expressions of CD40, 
CD80, CD86, and MHC class II molecules on peritoneal macrophages (59). The same 
group also found that all five fractions of LBP (LBPF1–5) and LBP itself were able to 
stimulate the phenotypic and functional maturation of DCs in a dose-dependent manner 
(1–1,000 mg/ml). BMDC treated with LBP and its fractions in vitro resulted in the 
upregulation of surface expression of MHC II and co-stimulatory molecules (CD40, 
CD80 and CD86), in association with an increase in allo-stimulatory activity and 
decreased endocytotic capacity. LBP treatment markedly stimulated the production of 
IL-12 (p40 and p70) and upregulated IL-12p40 mRNA on BMDCs. DCs matured by 
LBP in vitro acquired the capacity to enhance Th1 and Th2 responses in vitro as well as 
in vivo after transfer to mice. Importantly, the administration of LBP in vivo (s.c., i.p., 
or p.o.) also markedly increased the expression of MHC II and co-stimulatory mole-
cules on splenic DCs and primed Th1 responses in Balb/c mice. The extremely low 
levels of endotoxin (<1.0 EU/ml) found in LBP and its fractions mitigate against a pos-
sible role of contaminating LPS in the maturation of DCs (44).
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The anticancer activity of LBP is associated with its stimulatory activity on immune 
cells. Gan and colleagues reported that that LBP3p, the third fraction of LBP, at an 
optimal dosage of 10 mg/kg (p.o., 10 day once daily) inhibited the growth of sarcoma 
S180 solid tumor by 43.05%, which was comparable to the 47.77% inhibition exerted 
by cyclophasphamide (20 mg/kg, p.o., 10 day once daily) (61). Moreover, S180 tumor 
inoculation inhibited phagocytosis by macrophages, Ab production, lymphocyte prolif-
eration, CTL activity as well as IL-2 expression, which could be restored by the admin-
istration of LBP3p (61). This group also reported that LBP3p at 5–40 mg/ml markedly 
stimulated the production of IL-2 and TNF and gene expression by in vitro cultured 
human PBMC (up to 14-fold) (62). He and colleagues examined the effect of LBP on 
tumor-infiltrating lymphocytes and DCs in the mouse H22 hepatoma model. Tumor-
bearing mice given low dose (0.625 g/kg) or high dose (1.25 g/kg) of LBP orally for 2 
weeks showed 23.79% and 41.12% of tumor growth inhibition. LBP treatment also 
resulted in an increase of tumor-infiltrating CD4 and CD8 cells (P  <  0.05). The admin-
istration of LBP also increased the number of tumor-infiltrating DCs and their expres-
sion of CD80 (63). Presumably, the activation of CD4 and CD8 T cells was triggered 
by LBP-activated DCs.

Zhu and colleagues examined the direct effect of LBP on the maturation of in vitro 
cultured mouse BMDCs. CD11c+ cells were MACS purified from GM-CFS/IL-4-
treated BMDC and treated with LBP (100 mg/ml) for 2 days. LBP treatment increased 
the expression of MHC II, CD11c and the production of IL-12p40. The functional matu-
ration of DCs was also promoted by LBP-treatment, since LBP-treated DCs exhibited 
a reduced endocytic capacity and increased proliferative effect on naive allogeneic T 
cells (64). Thus, LBP promotes the generation of functionally active, mature DC. Since 
tumor-infiltrating DCs usually have a reduced expression of co-stimulatory molecules 
and cytokine production (65), and a reduced number of the tumor-infiltrating DCs are 
associated with poor prognosis (66), the stimulatory effect of LBP on DCs presumably 
has beneficial adjuvant anti-tumor effects.

26.2.4  Plantago Asiatica L. (Che Qian Zi)
Plantago asiatica L. leaves have been used as a wound-healing remedy and for the 

treatment of diseases involved in the infection of skin, respiratory tract, digestive tract, 
reproduction in TCM, and other traditional medical systems (67). The seeds of Plantago 
asiatica L. (Che Qian Zi in Chinese) have antipyretic, diuretic (68), and expectorant 
(67) activity. Huang and colleagues examined the effect of an ethanol and aqueous 
extract of the seeds of Plantago asiatica L. (ES-PL) on the maturation of mouse 
BMDCs. The results showed that at concentration ranges of 10–200 µg/ml, ES-PL dose-
dependently upregulated the expression of MHC II and co-stimulatory molecules 
(CD80 and CD86) on DCs. The functional maturation of DCs treated with ES-PL was 
confirmed by decreased mannose receptor-mediated endocytosis and increased antigen-
presenting stimulation of allogeneically naïve or syngeneically T lymphocytes. CCR7 
mRNA expression by DCs treated with ES-PL was also enhanced. The ES-PL was pre-
treated with polymyxin B to exclude the potential contamination of LPS (69). The same 
groups further examined the phenylethanoid glycosides and polysaccharides isolated 
from the seeds of Plantago asiatica L which contained only trace levels of LPS  
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(£ 0.0625 EU/mg). Compared with untreated cells, dendritic cells treated with acteo-
side, isoacteoside, or polysaccharides (50 µg/ml, each, 48 h) expressed a higher level of 
MHC class II molecule and the costimulatory molecule CD86 (B7-2). Furthermore, 
DCs activated by these compounds exhibited a decreased capacity to endocytose and 
increased ability to stimulate the activation of naïve T cells. These results showed that 
acteoside, isoacteoside, and polysaccharides from the seed of Plantago asiatica L. are 
responsible for the ability of crude extract to mature dendritic cells (70). The result of 
these studies are consistent with results from another group obtained by testing ethanol 
extract from seeds of Plantago asiatica L (16).

26.3  NON-TCM HERBAL MEDICINE

Some herbal medicine derived from medical traditions other than TCM were also 
reported to activate DCs. For example, Echinacea purpurea, a naïve North American 
herbal medicine which is popularly used as a food supplement in the US for enhancing 
immune response (for review, see ref. (17)). Wang and colleagues found that plant 
extracts from root [R] and stem plus leaf [S  +  L] tissues of Echinacea purpurea exhib-
ited opposing (enhancing vs. inhibitory) effects on the expression of the CD83 marker 
of human DCs. DNA microarray analysis revealed that [S + L]-treated DCs exhibited 
decreased mRNA expression of specific chemokines (e.g., CCL3 and CCL8) and their 
receptors (e.g., CCR1 and CCR9). Other chemokines and regulatory molecules (e.g., 
CCL4 and CCL2) involved in the c-Jun pathway were upregulated in [R]-treated DCs 
(71). These results suggest that Echinacea purpurea extracts can promote DC differen-
tiation and expression of specific immune-related genes. Thus, besides TCM, herbal 
medicines derived from other traditional medical systems also have the capacity to 
affect the biological function of DCs.

26.4  CONCLUsIONs AND pERspECTIvEs

Accumulating evidence presented in this review indicate that numerous TCM and 
their components have the capacity to stimulate the maturation and function of antigen-
presenting DCs, as summarized in the Table 26.1. These in vitro and laboratory animal 
studies reveal that TCM has the capacity to rapidly boost immune responses by activat-
ing DCs, suggesting the therapeutic potential of Chinese herbal remedies in immuno-
suppressive diseases such as cancer and viral infection. These findings also provide the 
basis for the discovery of novel therapeutic agents from botanicals used in TCM.

Polysaccharides from various traditional medicinal herbs have been shown to boost 
immune responses both in vitro as well as in vivo (10, 19, 21, 72–78) in animal models, 
including the activation of DCs as discussed in this review. Polysaccharides and 
polysaccharide–protein complexes isolated from mushrooms, fungi, yeasts, algae, 
lichens, and plants, have been shown to have immune stimulatory and anti-tumor effects 
(79). These naturally occurring polysaccharides consist of a class of macromolecules 
that can profoundly affect the immune system and therefore have the potential to act as 
immunostimulators (80). It is well known that beta-glucans is responsible for the 
immune effects of many herbal-derived polysaccharides complexes. For example, LBP 
is a beta-glucan in chemical nature (44). Beta-glucans are ubiquitously found in both 
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bacterial or fungal cell walls and have been implicated in the initiation of antimicrobial 
immune response (81, 82). This compound acts on several immune receptors including 
Dectin-1, complement receptor (CR3) and TLR-2/6 and activates a group of immune 
cells including macrophages, neutrophils, monocytes, natural killer cells, and dendritic 
cells (83). Therefore, future studies should examine whether these immune receptors 
used by beta-glucan to activate DCs are also used by TCM-derived polysaccharides. If 
that is the case, the advantage of using TCM-derived beta-glucan/polysaccharides as 
stimulators of DCs should be compared with similar compounds from other sources. 
Furthermore, whether DCs are the primary target of these herbal polysaccharides should 
be more carefully studied, since beta-glucan receptors are widely distributed on other 
immune competent cells. In addition, more mechanistic studies will be needed to eluci-
date the molecular basis of DC-activating action of TCM.

DCs represent a heterogeneous population of antigen-presenting cells, and species 
differences exist, therefore it is crucial to characterize the action of TCM on a defined 
subset of human DC. Studies aimed at documenting the stimulatory action of TCM and 
their components on the activation of DCs need to be carefully controlled to rule out the 
potential contamination of LPS in the tested samples, especially for those in which the 
TLR4 pathway is proposed to be involved. Furthermore, the relevant physiological or 
pharmacological concentrations of TCM should be used in in vitro studies and appropri-
ate in vivo modeling system should be developed to verify the in vivo relevance of the 
observations. In addition to initiating the immune response, mature DCs also have the 
capacity to expand CD4+FoxP3+ regulatory T cells (Tregs) (84). Thus, whether TCM-
activated DCs stimulate the expansion of Tregs and as a result induce immune tolerance 
should be addressed carefully in future studies.
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Key Points

Immunopotentiating activities have been found in whole cells such as bacteria, mush-•	
rooms, algae, lichens, and higher plants.
Microalgae with its long history of food use, easy cultivation, and high nutritional •	
content make it a valuable source for immunomodulating studies.
One of the main components that possesses the immunomodulating activity is the •	
polysaccharides of the cell.
The basic mechanism of the immunostimulatory activity is through the stimulation •	
of the macrophages and modulation of the complement system.

Key Words: Microalgae, immunomodulators, spirulina, immunoglobulin, allergy, 
metabolic diseases.

27.1  INTRODUCTION

One of the most promising recent alternatives to classical antibiotic treatment is the 
use of immunomodulators for enhancing host defense response (1). Several types of 
immunomodulators have been identified including mammalian proteins such as inter-
feron gamma (IFN-g) (2), granulocyte colony-stimulating factor (3), and granulocyte 
macrophage colony-stimulating factor (GM-CSF) (4), as well as substances isolated and 
purified from microorganisms (1). Immunopotentiating activities have also been found 
in whole cells like bacteria, mushrooms, algae, lichens, and higher plants. Microalgae 
with its added advantages such as a long history of its food use, easy cultivation, and 
high nutritional content make it a valuable source for immunomodulating studies. 
Scientists are increasingly turning their attention to algae as ingredient factories, par-
ticularly the nutritional components. The omega-3 fatty acid DHA extracted from 
marine algae is already in market, while several companies are offering the carotenoid 
and astaxanthin (AX) from other algal sources. Spirulina, Chlorella, and Aphanizomenon 
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Fig. 27.1. (a–d) Morphological structures of some microalgae. (a) Spirulina sp. ×100. (b) Spirulina 
sp. ×45. (c) Chlorella sp. ×100. (d) Haematococcus sp. ×100.

flos-aquae provide cellular protection with exceptional amounts of b-carotene (provita-
min A) and chlorophyll, whereas Dunaliella is the highest known natural source of 
b-carotene (5–7). Some microalgae have favorable nutritional profiles for cancer and 
immune therapies. Chlorella, the alga to emphasize stimulates immunity in the treat-
ment of all degenerative diseases by means of Chlorella Growth Factor (CGF).

27.2  Spirulina

The blue green alga (Cyanobacterium), Spirulina (Arthrospira) platensis Geitler 
(Fig. 27.1a, b) has a soft cell wall made up of complex sugars and protein which is eas-
ily digestible. It has 62% amino acid which is a richest natural source of pseudo-vitamin 
B

12
 with (Vitamins B

1
 and B

2
) and a whole spectrum of carotenoids and xanthophyll 

phytopigments (8). Hence, a considerable attention has been paid for the cultivation of 
Spirulina. Current world production of Spirulina for human consumption is more than 
1,000 metric tons annually (9). The USA leads the world for Spirulina products in the 
form of pills and spray-dried powder followed by China, India, Israel, Japan, Mexico, 
Taiwan, and Thailand in the healthy food market (10). Phycocyanin (PC) extracted from 
Spirulina, which is commercially known as lima blue, is used as a blue colorant for food 
and cosmetics. The phycobiliproteins (phycoerythrins and phycocyanin) extracted from 
Spirulina is used as fluorescence tag in connection with the detection of particular bio-
logical molecules viz., a fluorescent color marker coupled to antibiotics.
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Spirulina inhibits viral replication and strengthens cellular and humoral immune 
system causing regression and inhibition of cancers (11). Several reports revealed that 
the extract unique to Spirulina named as Calcium-Spirulan (a polymerized sugar mol-
ecule) inhibits replication of HIV-1, herpes simplex, human cytomegalovirus, influenza 
A virus, mumps virus, and measles virus under in vitro conditions and are very safe to 
human cells (12). Hamsters treated with this water soluble extract had better recovery 
rates when infected with lethal herpes virus. A recent in vitro study showed in vitro that 
an aqueous extract of S. platensis inhibited HIV-1 replication in human T-cells, periph-
eral blood mononuclear cells, and Langerhan cells (11). The advantage of using algal 
products with proven antiviral properties in fighting certain viruses is that they can 
immunomodulate even when an infection is developed. Studies on mice, hamsters, 
chickens, turkeys, cats, and fish reveal that Spirulina consistently improves their 
immune system functions. The rich brilliant blue polypeptide, Phycocyanin from 
Spirulina, stimulates hematopoiesis and emulates the effect of hormone erythropoetin 
(EPO). Phycocyanin also regulates the production of white blood cells, even when bone 
marrow stem cells are damaged. Although early interest in commercial production of 
Spirulina was focused mainly on its nutrient content, recent attention has been given to 
its therapeutic properties such as antioxidant effects, immunomodulation, anticancer 
potency, antiviral, and cholesterol regulatory properties.

27.3  IMMUNOMODULATION OF MACROPHAGES BY Spirulina

Monocytes and macrophages are phagocytes, acting in both nonspecific defense (and 
innate immunity) or help to initiate specific defense mechanisms (or adaptive immunity) 
in vertebrate animals. Their role is to phagocytose (engulf and then digest) cellular debris 
and pathogens either as stationary or as mobile cells, and to stimulate lymphocytes and 
other immune cells to respond to the pathogen. In response to antigen, macrophages 
secrete mediators such as nitric oxide and cytokines. Cytokines play an important role in 
the inflammatory cascade and include proinflammatory cytokines such as TNF, IL-1, 
IL-8, and anti-inflammatory cytokines like IL-10 (13). The proinflammatory cytokines 
are responsible for initiating an effect against exogenous pathogens and anti-inflamma-
tory cytokines are crucial for downregulating the incremented inflammatory process and 
maintaining homeostasis for the correct functioning of vital organs.

Mice fed with microalgal diet showed an increase in the number of splenic antibody 
producing cells in response to sheep red blood cells (SRBC). Spirulina enhanced the 
macrophage functions and IL-1 production, but there was no change in the IgG-antibody 
production (9). IL-1 is a proinflammatory cytokine that has numerous biological effects, 
including activation of many inflammatory processes, induction of expression of acute-
phase proteins, an important function in neuroimmune response, and direct effects on 
the brain itself (14). Similarly, in chickens fed with the Spirulina diet had macrophages 
which exhibited enhanced phagocytic activity and increased nitric oxide synthase activ-
ity (13). The enhanced macrophage phagocytic function has also been shown in cats 
(15), dogs (16) as well as in humans (17, 18) fed with Spirulina platensis extract. The 
immunomodulatory action has been suggested by some researchers to be mediated 
through the innate immune system. All the above studies used Spirulina as powder or 
hot water extract and the active components considered were phycocyanin and water 
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Table 27.1 
Microalgal polysaccharides with immunomodulating activity

Microalgae Polysaccharides Effect References

Aphanizomenon flos-
aquae

Immunon Increase NF-kB activa-
tion and IL-1b and 
TNF-a signaling

(19, 22)

Chlorella pyrenoidosa Immurella (22, 23)
Spirulina platensis Immulina (22)
Chlorella stigmatophora Hydrosoluble 

extracts
Anti-inflammatory, anal-

gesic and free radical 
scavenging activities

(24)
Phaeodactylum tricor-

nutum

soluble polysaccharides. These components have been known to cause  immuno- 
modulation via increased proliferation of erythrocytes, granulocyte-monocyte, and 
fibroblast  lineage cells derived from bone marrow cells of mice (18).

A high molecular weight polysaccharide fraction (Immulina) from Spirulina was a 
potent activator of NF-kB and induced both IL-1b and TNF-a mRNAs in THP-1 human 
monocytes (19). Immulina dose-dependently increased the expression of chemokines, 
namely, interleukin (IL)-8, MCP-1, MIP-1a, MIP-1b, IL-10 as well as the expression of 
TNF-a, IL-1b, and COX-2. Thymidine uptake experiments verified that Immulina did 
not affect the viability and growth rate of THP-1 cells. The activity in vitro was more 
potent than the in vivo effects after oral administration (20). NF-κB activation by 
Immulina is suppressed by antibodies to CD14 and TLR2 but not by antibodies to TLR4. 
Similarly, NF-κB directed luciferase expression was enhanced by Immulina treatment 
when cells were cotransfected with vectors expressing proteins supporting TLR2- (CD14 
and TLR2) but not TLR4-(CD14, TLR4, and MD-2) dependent activation (21). In addi-
tion to Immulina, there are several other microalgae which produce polysaccharides with 
immunomodulating activities especially on the macrophages (Table 27.1).

27.4  Spirulina AND CELL MEDIATED IMMUNITY

In mice, S. fusiformis (400 or 800 mg/kg body wt.) administration significantly inhib-
ited the humoral immune response, cell-mediated immune response delayed-type 
hypersensitivity reaction (DTH) and TNF-alpha in a dose dependent manner (Fig. 27.2). 
In vitro, S. fusiformis (50 or 100 mg/mL) decreased the mitogen (phytohemagglutinin) 
induced T-lymphocyte proliferation in a concentration dependent manner when 
 compared with control cells. These observations clearly suggest that S. fusiformis has a 
remarkable immunosuppressive effect which provides a scientific validation for the 
popular use of this drug (25).

The number of hemagglutinating antibodies in serum was reduced after S. fusiformis 
(400 or 800 mg/kg body wt.) dose-related treatment. During the cell-mediated immune 
response, the sensitized T-lymphocytes, on being challenged with the antigen, secrete a 
number of lymphokines. These lymphokines attract scavenger cells to the site of the 
reaction, where they are then immobilized to promote defensive (inflammatory)  reaction 
(26). Therefore, the inhibition of inflammation observed in our present study indicates 
that there might be an inhibition of release of lymphokines on S. fusiformis 
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Fig 27.2. Hypothesized mechanism of immunomodulation.

 administration. A moderate level of inflammatory mediators is essential for host sur-
vival from infection, whereas overproduction has deleterious effects. As a result, syn-
thesis of inflammatory mediators must be tightly governed. The cytokine TNF-a 
induces the production of proinflammatory cytokines, active oxygen species, nitric 
oxide and matrix metalloproteinases, thereby implicating TNF-a as a therapeutic target 
for treating the pain, swelling, and progressive joint destruction caused by rheumatoid 
arthritis (27). In the present study, the abundance of TNF-a in arthritic mice joints pro-
vides evidence of its involvement in the disease pathology, which is supported by stud-
ies demonstrating that neutralization of TNF-a leads to decreased production of other 
inflammatory cytokines (28). The S. fusiformis significantly decreased the production 
of TNF-a in adjuvant-induced arthritic mice in dose dependent manner.

IFN-g is a macrophage activating cytokine that promotes Th1 biased responses asso-
ciated with cell mediated immunity (29). The Th1/Th2 balance is critical in determining 
whether an immune response is to be dominated by macrophage activation or by anti-
body production. An increased spleen cell production of IFN-g in mice fed with 
Spirulina extract, suggests a shift toward Th1 type cell mediated immunity. It was also 
indicated a Th1 bias (increased production of IFN-g) in mice fed with when Spirulina 
(30) or when added to cultures of human peripheral blood mononuclear cells (increased 
production of IFN-g). In addition, consumption of a hot water extract of Spirulina for 
two months by human volunteers resulted in greatly enhanced production of IFN-g by 
NK cells in response to IL-12 and IL-18 (17).
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27.5  ENHANCED IMMUNOGLOBULIN PRODUCTION BY Spirulina

Spirulina is known to immunomodulate by activating the IgA secretion. IgA 
secreted at mucosal surfaces function to protect against various viral and bacterial 
pathogens by its unique nature of agglutination of microorganisms, neutralization of 
bacterial enzymes, toxins and inhibition of antigens (31). Several investigators have 
observed an increased mucosal IgA response by long-term treatment with Spirulina 
or its components or after antigen stimulation. Mice that consumed a chemically 
defined chow mixed with an extract containing Immulina exhibited changes in sev-
eral immune parameters. The ex vivo production of IgA and IL-6 from Peyer’s patch 
cells was enhanced two fold and (IFN-g) production from spleen cells was increased 
four fold in immulina treated mice. Oral consumption of this polysaccharide can 
enhance components within both the mucosal and systemic immune systems (21). 
Ingestion of S. platensis by men for more than a year enhanced salivary S-IgA levels 
while treatment for less than a year had no effect. Mice that ingested this extract 
exhibited enhanced spleen cell IFN-g production ex vivo. Interestingly, the enhanced 
production of IFN-g by spleen cells followed a time course similar to that exhibited 
for production of IL-6 and IgA by Peyer’s patch cells. The similar time course may 
indicate that a common cell type is initially targeted by the extract and is mediating 
both the effects locally on Peyer’s patches as well as systemically on spleen cells. 
The influence of Spirulina on IgA levels in human saliva and demonstrated that it 
enhances IgA production, indicating an important role of microalga in mucosal 
immunity (32).

27.6  Spirulina IN ALLERGY AND RHINITIS

It has been well documented that Spirulina exhibits anti-inflammatory properties by 
inhibiting the release of histamine from mast cells (33, 34). In a recent randomized 
double blind placebo-controlled trial (35), individuals with allergic rhinitis was fed 
daily, either with placebo or Spirulina for 3 months. Peripheral blood mononuclear 
cells were isolated before and after the Spirulina feeding and levels of cytokines [IL-4, 
IFN- and IL-2] which are important in regulating immunoglobulin (Ig)E-mediated 
allergy were measured. The study showed that high dose of Spirulina significantly 
reduced IL-4 levels by 32%, demonstrating the protective effects of this microalgae 
toward allergic rhinitis.

A Japanese team identified the molecular mechanism of the human immune capac-
ity of Spirulina by analyzing blood cells of volunteers with pre- and post-oral admin-
istration of hot water extract of Spirulina platensis. IFN-g production and Natural 
Killer (NK) cell damage were increased after administration of the microalgal extracts 
to male volunteers (17). In a recent double blind, placebo controlled study from 
Turkey evaluating the effectiveness and tolerability of Spirulina for treating patients 
with allergic rhinitis, Spirulina consumption significantly improved the symptoms 
and physical findings compared with placebo, including nasal discharge, sneezing, 
nasal congestion, and itching (36). It is well understood that deficiency of nutrients is 
responsible for changes in immunity which manifests as changes in production of 
T-cells, secretory IgA antibody response, cytokines, and NK-cell activity. The above 
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studies suggest that Spirulina may modulate the immune system by its role in cover-
ing nutritional deficiencies.

27.7  PHYCOCYNANIN FROM Spirulina

Phycocyanin (PC), a water soluble protein pigment, is one of the major constitutes 
of Spirulina platensis. It is in association with the outer face of the photosynthetic II 
light harvesting apparatus. Some characteristics of PC make it well suitable for fluores-
cence analyses in flow cytometry, histochemistry, immunoassay, and detection of reac-
tive oxygen species (37). PC can be used as natural dyes and its medicinal and 
pharmaceutical properties especially antioxidant (38), antitumor, and immunity boost-
ing effects are the focus of research (39) for a long time. Recent studies suggested that 
PC inhibited cancer cell growth via the induction of apoptosis (40). It has been known 
already that S. platensis is a good candidate for selenium (Se) enrichment and also 
serves as a promi sing source of dietary Se supplementation (41, 42). However, very 
limited information on the antiproliferative activity of selenium containing phycocyanin 
(Se-PC) and the underlying mechanism is available. An influence of selenium enriched 
phycocyanin on anaphylactic reaction severity and circulating antibody response against 
model allergen – hen’s egg white ovalbumin was studied in rats. Rats receiving Se-PC 
demonstrated significantly increased specific IgG response (43). Phycocyanin can pro-
mote the expression of CD59 protein, reduce the reproduction of Hela cells. With an 
ascendance of phycocyanin concentration, the expression quantities of CD59 protein 
and apoptosis inducing Fas protein increased and the multiplication activity of Hela 
cells declined (44).

Human CD59 is a plasma membrane anchored glycoprotein containing a 4 kDa 
N-linked carbohydrate chain that functions as an inhibitor of the CD5b-9 membrane 
attack complex (MAC) of human complement (45, 46). Thereby, it restricts the cytolytic 
activity of the CD5b-9 complex to protect human blood and vascular cells from autolo-
gous complement attack (47, 48). CD59 plays a pivotal role in regulating immunity and 
suppressing the hyperacute rejection (HAR) in xenograft transplantation (49). It was 
reported that CD59 has close relationship with the occurrence of hurt, inflammation, 
and tumor (50, 51). PC has an antitumor activity, and probably it acts as a kind of mito-
sis depressor able to combine with the receptor of mitosis depressor on the surface of 
tumor cells. Through the linkage of receptor and the activation of cell death promoting 
protein kinases by complicated pathway, the transcription and expression of CD59 gene 
was promoted. Meanwhile excessively expressed CD59 protein can induce Fas protein 
expression on the surface of Hela cells and then combine with Fas antigen which can 
activate death domain and activate the conduction of proapoptosis signal in tumor cells. 
In the end, the proliferation of tumor cells is held back and cells go to die. The studies 
provide us a new idea about the molecular mechanism of the antitumor activity of PC 
(44). In another study, after two weeks the white blood cells (lymphocyte activity) of a 
PC group were higher than the control group and higher than or equal to a normal group 
without cancer. This suggests that PC raises lymphocyte activity (21). These results 
imply that phycocyanin has anticancer activity and also strengthens the body’s resist-
ance through increasing general immunity. Experts deem that taking a small dosage of 
PC daily can prevent generation of malignant cancer or can inhibit its recurrence (29).
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27.8  Chlorella

One of the most powerful algae against cancer is Chlorella (Fig. 27.1c) – an unicel-
lular, green algae containing the highest chlorophyll level per ounce of any plant, as 
well as protein (nearly 58%), carbohydrates, all of the vitamins B, C, and E, amino 
acids, enzymes, and rare trace minerals (9). In a study, lab mice were supplemented with 
Chlorella for ten days, and injected the mice with three types of cancer. According to 
Moss, over 70% of the Chlorella strengthened mice did not develop cancer while all of 
the untreated mice died within twenty days. Research regarding Chlorella’s immune 
boosting effect is not limited to animal studies. According to another study, 15 glioblas-
toma patients were treated with powdered and liquid Chlorella along with standard 
chemotherapy or radiation therapy. Although glioblastoma patients normally display a 
2 year survival rate of 10%, the 15 Chlorella treated patients exhibited a survival rate of 
40%. This is only one of the many successful studies linking Chlorella to strengthened 
immune response thus making Chlorella a necessary component of effective and well-
rounded cancer treatment. It acts as both a powerful nutrient and a detoxifying food.

An experimental study was designed to assess the effects of oral administration of 
Chlorella protein hydrolysate (Cv-PH) on the recovery of both innate and specific 
immune responses of undernourished mice (52). The facts in support of the hypothesis 
are as follows: the treatment of starved mice with Cv-PH provided benefits in terms of 
(a) hemopoiesis (recovery of bone marrow cellularity and the lymphocyte pool), (b) 
macrophage activation and phagocytosing capacity, and (c) stimulation of both humoral 
and cell immune functions such as antibody response and the reconstitution of delayed-
type hypersensitivity response. Different immune cell populations might be induced 
after activation in the gut-associated lymphoid tissue. Chlorella and its hydrophilic 
extracts have been shown to possess many physiological functions, including immune 
system improvement, hypoglycemic effects, lowering hyperlipidemic state in high fat 
fed animals, etc. However, lipophilic extract of Chlorella (LEC) is less appreciated in 
terms of its physiological actions. In the concentration ranges that were devoid of cyto-
toxicty, LEC produced a dose dependent (between 0.25 and 0.0315 mg/mL) inhibition 
on LPS-induced nitric oxide production. The study shows LEC effectively block LPS-
induced nitric oxide production, is through blockage of expression of iNOS mRNA.

Chlorella powder was tested in 118 in vitro enzyme assay systems. The powder 
showed potent inhibitions of peptidase cathepsin S, thromboxane A (2) synthase, and 
cyclooxygenase-2 in a dose concentration manner. Other activities observed were inhi-
bitions of tumor necrosis factor alpha converting enzyme, protein tyrosine phosphatase 
(SHP-2), calpain, protein kinases, and protein tyrosine phosphatases. Chlorella powder 
had no significant effect on cyclooxygenase-1 (53). These actions to inhibit cyclooxy-
genase-2 and thromboxane synthase could contribute to the purported anti-inflamma-
tory and antithrombotic effects of Chlorella.

27.9  haematoCoCCuS

The green alga, Haematococcus pluvialis (Fig. 27.1d) accumulates high amounts 
of AX under adverse environmental conditions, and it is the world’s richest source 
of astaxanthin (54). AX plays an important role in protecting the alga against UV 
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light damage and photo-oxidation of the polyunsaturated AX. It exhibits strong free 
radical scavenging activity, protects against lipid peroxidation and oxidative damage 
of LDL-cholesterol, cell membranes, cells, and tissues. Several studies have clearly 
shown the effectiveness of astaxanthin as a cancer preventive agent in rats and mice. 
The effect of AX on colon cancer in male rats is well executed (55). A recent study 
with rats indicated that astaxanthin is effective at ameliorating retinal injury, and it 
is effective in protecting photoreceptors from degeneration. AX was also found to 
easily cross the blood–brain barrier (unlike b-carotene) and did not form any crystals 
in the eye (56).

Immune response cells are particularly sensitive to oxidative stress and membrane 
damage by free radicals because they rely heavily on cell to cell communications via 
cell membrane receptors. Furthermore, the phagocytic action of some of these cells 
releases free radicals that can rapidly damage these cells if they are not neutralized by 
antioxidants (57). AX significantly influences immune function in several in vitro and 
in vivo assays using animal models. Other evidences also pointout to the immunomodu-
lating activity of astaxanthin on the proliferation and functions of murine immuno 
competent cells (58). Finally, studies on human blood cells in vitro have demonstrated 
enhancement by AX of immunoglobulin production in response to T-dependent stimuli. 
AX increases the production of T-helper cell antibody and increases the number of 
antibody secretory cells from primed spleen cells (59). The above study discovered the 
effect of AX in the production of immunoglobulins in vitro by human blood cells and 
found that it increases the production of IgA, IgG, and IgM in response to T-dependent 
stimuli (60). Other studies performed in vivo using mice have shown the immunomodu-
lating action of AX and other carotenoids for humoral responses to T-dependent anti-
gens and suggested that the supplementation with carotenoids may be useful to restore 
immune responses (61). In agreement with the above results, various foods and drinks 
with added AX have been prepared to increase the immune response mediated by 
T-lymphocytes and NK cells to alleviate or prevent the decrease of immunological func-
tions caused by stress (62). Due to its immunomodulating action, AX has also been 
utilized as a medication for the treatment of autoimmune diseases such as multiple 
sclerosis, rheumatoid arthritis, and Crohn’s disease (63).

Malnutrition induced by dietary restriction produces a series of metabolic changes 
that lead to depression of immunocompetence and several studies have assessed the 
effects of nutritional support on immunity (64). Algal protein hydrolysates possess 
various biological activities and have been administered to patients with different 
protein metabolic diseases (65), but there are no reports on its immunomodulating 
properties. Immunomodulation by using natural products can provide an alternative 
to conventional therapy for a variety of diseases, especially when the host defense 
mechanism has to be activated under the conditions of impaired immune response or 
when a selective immunosuppression is desired in situations like autoimmune disor-
ders. Though enhancement of immune function has been claimed by various natural 
products, very few have been subjected to randomized clinical trails. Recently, novel 
vaccine delivery system has been developed using single-celled alga, Chlamydomonas 
reinhardtii. Microalgae in particular, Chlamydomonas have many features that are 
desirable for vaccine delivery systems, including its ease for genetic manipulation, 
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inexpensive to produce and nontoxic. The first antigen to be tested was the p57 
 antigen, the causing agent of bacterial kidney disease. It is caused by Renibacterium 
salmoninarum and infects all wild and farmed salmonids. The vaccine was well 
expressed in the algae and effects in the immune functions were noted in the immu-
nized animals such as fish and rabbits. Issues that remain to be addressed include 
expression of the antigen, posttranslational  modifications, antigen immunogenicity, 
and effective means of production.

REFERENCES

 1. Tzianabos AO (2000) Polysaccharide immunomodulators as therapeutic agents: structural aspects and 
biological function. Clin Microbiol Rev 13:523–533

 2. Murray HW (1996) Current and future clinical applications of interferon-gamma in host antimicrobial 
defense. Intensive Care Med 22:S456–S461

 3. Nemunaitis J (1997) A comparative review of colony-stimulating factors. Drugs 54:709–729
 4. Hamilton JA, Anderson GP (2004) GM-CSF biology. Growth Factors 22:225–231
 5. Raja R (2003) Studies on Dunaliella salina (Dunal) Teod. with special reference to its anticancer prop-

erties. Ph.D. Thesis, University of Madras, Chennai, India
 6. Raja R, Hemaiswarya S, Balasubramanyam D, Rengasamy R (2007) Protective effect of Dunaliella 

salina (Volvocales, Chlorophyta) against experimentally induced fibrosarcoma on wistar rats. Microbiol 
Res 162:177–184

 7. Raja R, Hemaiswarya S, Rengasamy R (2007) Exploitation of Dunaliella for b-carotene production. 
Appl Microbiol Biotechnol 74:517–523

 8. Richmond A (1988) Spirulina. In: Borowitzka A, Borowitzka L (eds) Microalgal biotechnology. 
Cambridge University Press, Cambridge, pp 83–121

 9. Raja R, Hemaiswarya S, Ashok Kumar N, Sridhar S, Rengasamy R (2008) A perspective on the bio-
technological potential of microalgae. Crit Rev Microbiol 34:77–88

 10. Spolaore P, Joannis-Cassen C, Duran E, Isambert A (2006) Commercial applications of microalgae.  
J Biosci Bioeng 101:87–96

 11. Ayehunie S, Belay A, Hu Y, Baba T, Ruprecht R (1996) Inhibition of HIV-1 replication by an aqueous 
extract of Spirulina platensis (Arthrospira platensis), 7th IAAA Conference, Knysna, South Africa, 17 
April

 12. Hayashi T, Hayashi K (1996) Calcium spirulan, an inhibitor of enveloped virus replication, from a blue-
green alga Spirulina platensis. J Nat Prod 59:83–87

 13. Al-Batshan HA, Al-Mufarrej SI, Al-Homaidan AA, Qureshi MA (2001) Enhancement of chicken mac-
rophage phagocytic function and nitrite production by dietary Spirulina platensis. Immunopharmacol 
Immunotoxicol 23:281–289

 14. Mosmann TR, Coffman RL (1989) Th1 and Th2 cells: different patterns of lymphokine secretion lead 
to different functional properties. Annu Rev Immunol 7:145–173

 15. Qureshi MA, Ali RA (1996) Spirulina platensis exposure enhances macrophage phagocytic function in 
cats. Immunopharmacol Immunotoxicol 18:457–463

 16. Zhang HQ, Lin AP, Sun Y, Deng YM (2001) Chemo and radio protective effects of polysaccharide of 
Spirulina platensis on hemopoietic system of mice and dogs. Acta Pharmacol Sin 22:1121–1124

 17. Hirahashi T, Matsumoto M, Hazeki K, Saeki Y, Ui M, Seya T (2002) Activation of the human innate 
immune system by Spirulina: augmentation of interferon production and NK cytotoxicity by oral 
administration of hot water extract of Spirulina platensis. Int Immunopharmacol 2:423–434

 18. Hayashi O, Ishii K, Kawamura C, YenHei S, YeBao N et al (2004) Enhancement of mucosal immune 
functions by dietary Spirulina platensis in human and animals. Nutr Sci 7:31–34

 19. Pugh N, Pasco DS (2001) Characterization of human monocyte activation by a water soluble prepara-
tion of Aphanizomenon flosaquae. Phytomedicine 8:445–453



525Chapter 27 / Microalgae and Immune Potential

 20. Grzanna R, Polotsky A, Phan PV, Pugh N, Pasco D, Frondoza CG (2006) Immolina, a high-molecular-
weight polysaccharide fraction of Spirulina, enhances chemokine expression in human monocytic 
THP-1 cells. J Altern Complement Med 12:429–435

 21. Balachandran P, Nirmal D, Pugh Guoyi M, David S (2006) Toll-like receptor 2-dependent activation of 
monocytes by Spirulina polysaccharide and its immune enhancing action in mice. Int Immunopharmacol 
6:1808–1814

 22. Pugh N, Ross SA, ElSohly HN, ElSohly MA, Pasco DS (2001) Isolation of three new polysaccharide 
preparations with potent immunostimulatory activity from Spirulina platensis, Aphanizomenon flos-
aquae and Chlorella pyrenoidosa. Planta Med 67:737–742

 23. Suárez ER, Syvitski R, Kralovec JA, Noseda MD, Barrow CJ, Ewart HS, Lumsden MD, Grindley TB (2006) 
Immunostimulatory polysaccharides from Chlorella pyrenoidosa. A new galactofuranan. Measurement of 
molecular weight and molecular weight dispersion by DOSY NMR. Biomacromolecules 7:2368–2376

 24. Guzmán S, Gato A, Lamela M, Freire-Garabel J, Calleja M (2001) Antiinflammatory and immu-
nomodulatory activities of polysaccharide from Chlorella stigmatophora and Phaeodactylum tricornu-
tum. Phytother Res 17:665–670

 25. Rasool M, Sabina EV (2009) Appraisal of immunomodulatory potential of Spirulina fusiformis: an in 
vivo and in vitro study. J Nat Med 63:169–175

 26. Mediratta PK, Sharma KK, Surender S (2001) Evaluation of immunomodulatory potential of Ocimum 
sanctum seed oil and its possible mechanism of action. J Ethnopharmacol 80:15–20

 27. Beutler B (1995) TNF, immunity and inflammatory disease lesions of the past decade. J Investig Med 
43:227–235

 28. Haworth C, Brennan FM, Chantry D, Turner M, Maini RN, Feldman M (1991) Expression of granulo-
cyte-macrophage colony-stimulating factor in rheumatoid arthritis: regulation by tumor necrosis factor-
alpha. Eur J Immunol 21:2575–2579

 29. Boehm U, Klamp T, Groot M, Howard JC (1997) Cellular responses to interferon-gamma. Ann Rev 
Immunol 15:749–795

 30. Mao TK, Gershwin ME, De Water V (2000) Effect of Spirulina on the secretion of cytokines from 
peripheral blood mononuclear cells. J Med Food 3:135–140

 31. Kilian M, Russell MW (1994) Function of mucosal immunoglobulins. In: Ogra PL, Mestecky J, Lamm 
ME, Strober W, McGhee JR, Bienenstock J (eds) Handbook of mucosal immunology. Academic, New 
York, pp 127–137

 32. Ishii K, Katoch T, Okuwaki Y, Hayashi O (1999) Influence of dietary Spirulina platensis on IgA level 
in human saliva. J Kagawa Nutr Univ 30:27–33

 33. Yang HN, Lee EH, Kim HM (1997) Spirulina platensis inhibits anaphylactic reaction. Life Sci 
61:1237–1244

 34. Kim HM, Lee EH, Cho HH, Moon YH (1998) Inhibitory effect of mast cell-mediated immediate-type 
allergic reactions in rats by Spirulina. Biochem Pharmacol 55:1071–1076

 35. Pao TK, Van de Water J, Gershwin ME (2005) Effects of a Spirulina-based dietary supplement on 
Cytokine production from allergic rhinitis patients. J Med Food 8:27–30

 36. Cingi C, Conk-Dalay M, Cakli H, Bal C (2008) The effects of Spirulina on allergic rhinitis. Eur Arch 
Otorhinolaryngol 265:1219–1223

 37. Glazer AN (1994) Phycobiliprotein – a family of valuable, widely used fluorophores. J Appl Phycol 
6:105–112

 38. Romay C, Gonzalez R (2000) Phycocyanin is an antioxidant protector of human erythrocytes against 
by peroxyl radicals. J Pharm Pharmacol 52:367–368

 39. Li B, Zhang XC, Gao MH, Yu H (2004) Study on the anti-tumor immune activity of phycocyanin and 
polysaccharides from Spirulina platensis. J Ocean Univ China 34:396–402

 40. Reddy MC, Subhashini J, Mahipal SV, Bhat VB, Srinivas Reddy P, Kiranmai G, Madyastha KM, 
Reddanna P (2003) C-Phycocyanin, a selective cyclooxygenase-2 inhibitor, induces apoptosis in lipopol-
ysaccharide-stimulated RAW 264.7 macrophages. Biochem Biophys Res Commun 304:385–392

 41. Chen T, Zheng W, Yang F, Bai Y, Wong YS (2006) Mixotrophic culture of high selenium-enriched 
Spirulina platensis on acetate and the enhanced production of photosynthetic pigments. Enzyme 
Microb Technol 39:103–107



526 Raja and Hemaiswarya

 42. Chen T, Zheng W, Wong YS, Yan F, Bai Y (2006) Accumulation of selenium in mixotrophic culture of 
Spirulina platensis on glucose. Bioresour Technol 97:2260–2265

 43. Egorova EA, Gmoshinskiĭ IV, Zorin SN, Mazo VK (2006) Studies of immunomodulation caused by 
selenium-enriched phycocyanin. Vopr Pitan 75:19–21

 44. Li B, Zhang X, Gao Chu X et al (2005) Effects of CD59 on antitumoral activities of phycocyanin from 
Spirulina platensis. Biomed Pharmacother 59:551–560

 45. Ninomiya H, Stewart BH, Rollins SA, Zhao J, Bothwell AL, Slims PJ (1992) Contribution of the 
N-linked carbohydrate of erythrocyte antigen CD59 to its complement-inhibitory activity. J Biol Chem 
267:8404–8410

 46. Davies A, Lachmann PJ (1993) Membrane defence against complement lysis: the structure and biologi-
cal properties of CD59. Immunol Res 12:258–275

 47. Rollins SA, Sims PJ (1990) Complement-inhibitor activity of CD59 resides in its capacity to block 
incorporation of C9 into membrane C5b-9. J Immunol 144:3478–3483

 48. Meri S, Morgan BP, Davies A, Daniels RH, Olavesen MG, Waldmann H et al (1990) Human protectin 
(CD59), an 18,000–20,000 MW complement lysis restricting factor, inhibits C5b-8 catalysed insertion 
of C9 into lipid bilayers. Immunology 71:1–9

 49. Menret S, Plat M, Blancho G, Martinat-Botte F, Bernard P, Karam G et al (2004) Characterization of 
human CD55 and CD59 transgenetic pigs and kidney xenotransplantation in the pig-to-baboo combina-
tion. Transplantation 77:1468–1471

 50. McGeer PL, Walker DG, Akiyama H, Kawamata T, Guan AL, Parker CJ et al (1991) Detection of the 
membrane inhibitor of reactive lysis (CD59) in diseased neurons of Alzheimer brain. Brain Res 
544:315–319

 51. Uesu T, Mizuno M, Inoue H, Tomoda J, Tsuji T (1995) Enhanced expression of decay accelerating 
factor and CD59/homologous restriction factor 20 on the colonic epithelium of ulcerative colitis. Lab 
Invest 72:587–591

 52. Morris HJ, Carrillo O, Almarales A et al (2007) Immunostimulant activity of an enzymatic protein 
hydrolysate from green microalga Chlorella vulgaris on undernourished mice. Enzyme Microb Technol 
40:456–460

 53. Cheng FC, Feng JJ, Chen KH, Imanishi H, Fujishima M, Takekoshi H, Naoki Y, Shimoda M (2008) 
Chlorella powder inhibits the activities of peptidase cathepsin S, PLA2, cyclooxygenase-2, thrombox-
ane synthase, tyrosine phosphatases, tumor necrosis factor-alpha converting enzyme, calpain and 
kinases. Int J Food Sci Nutr 23:1–10

 54. Lorenz RT, Cysewski GR (2000) Commercial potential for Haematococcus microalgae as a natural 
source of astaxanthin. Trends Biotechnol 18:160–167

 55. Tanaka T, Kawamori T, Ohnishi M, Makita H, Mori H, Satoh K, Hara A (1995) Suppression of 
azoxymethane-induced rat colon carcinogenesis by dietary administration of naturally occurring xan-
thophylls astaxanthin and canthaxanthin during post initiation phase. Carcinogenesis 16:2957–12963

 56. Tso MO, Lam TT (1996) Method of retarding and ameliorating central nervous system and eye dam-
age, U.S. Patent #5527533. Board of trustees of the University of Illinois, United States of America

 57. Hughes DA (1999) Effects of dietary antioxidants on the immune function of middle-aged adults. Proc 
Nutr Soc 58:79–84

 58. Okai Y, Higashi-Okai K (1996) Possible immunomodulating activities of carotenoids in in vitro cell 
culture experiments. Int J Immunopharmacol 18:753–758

 59. Jyonouchi H, Sun S, Mizokami M, Gross MD (1996) Effects of various carotenoids on cloned, effector-
stage T-helper cell activity. Nutr Cancer 26:313–324

 60. Jyonouchi H, Sun S, Tomita Y, Gross MD (1995) Astaxanthin, a carotenoid without vitamin A activity, 
augments antibody responses in cultures including T-helper cell clones and suboptimal doses of anti-
gen. J Nutr 124:2483–2492

 61. Jyonouchi H, Zhang L, Gross M, Tomita Y (1994) Immunomodulating actions of carotenoids: enhance-
ment of in vivo and in vitro antibody production to T-dependent antigens. Nutr Cancer 21:47–58

 62. Asami S, Zhi-bo Y, Yamashita E, Otoze H (2001) Anti-stress composition. Patent US6265450
 63. Lignell A, Bottiger P (2001) Use of xanthophylls, astaxanthin e.g. for treatment of autoimmune 

 diseases, chronic viral and intracellular bacterial infections. Patent WO01/24787 A1



527Chapter 27 / Microalgae and Immune Potential

 64. Chandra RK (1997) Nutrition and the immune system: an introduction. Am J Clin Nutr 
66:4605–4635

 65. Tchorbanov B, Bozhkova M (1988) Enzymatic hydrolysis of cell proteins in green algae Chlorella and 
Scenedesmus after extraction with organic solvents. Enzyme Microb Technol 10:233–238



529

28 Mushrooms: Immunomodulating 
Activity and Role in Health 
Promotion

Ken-ichiro Minato

Key Points

•	 Lentinula edodes,	Grifola frondosa,	Pleurotus cornucopiae,	Pholiota nameko,	 and	
many	other	kinds	of	edible	mushrooms	have	shown	their	potent	and	unique	immu-
nomodulating	activities.
It	 has	 mainly	 been	 recognized	 that	 their	 activities	 result	 from	 the	 action	 of	 their	•	
polysaccharides	or	polysaccharide–protein	complexes.
The	polysaccharides	appear	to	stimulate	the	human	immune	response	and	to	be	effec-•	
tive	in	preventing	immunodeficiency	diseases	via	activation	of	cytokine	networks.
In	this	chapter,	these	properties	of	the	immunomodulating	polysaccharides	from	•	 L. 
edodes,	G. frondosa,	P. nameko,	P. cornucopiae,	and	others	are	described.

Key  Words:	Biological	response	modifiers	(BRM),	grifola rondosa,	immuno	modulators,	
lentinula edodes,	pleurotus cornucopiae,	pholiota nameko,	polysaccharides.

28.1  INTRODUCTION

Mushrooms	have	recently	become	attractive	as	functional	foods,	and	their	extracts	
are	 widely	 sold	 as	 nutritional	 supplements	 and	 touted	 as	 beneficial	 for	 health.	
Approximately	15,000	species	of	mushrooms	have	been	identified	all	over	the	world,	
and	some	650	species	have	been	reported	 to	be	shown	as	medicinal	materials.	Many	
medicinal	mushrooms	have	become	attractive	as	source	materials	for	antitumor	agents,	
immunomodulators,	antibiotics,	and	antihypertensive	drugs,	 to	mention	some	of	 their	
uses.	 The	 market	 value	 of	 the	 mushrooms	 provided	 as	 source	 of	 dietary	 supplement	
products	is	approximately	$5–6	billion	per	year	worldwide	(1).	There	is	an	increasing	
medicinal	and	pharmaceutical	interest	in	many	species	mushrooms.
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Most	 of	 the	 medicinal	 mushrooms	 have	 been	 utilized	 as	 traditional	 oriental	
	therapeutic	agents	in	China,	Japan,	Korea,	and	other	Asian	countries.	Recently,	many	
scientific	 and	 medicinal	 studies	 were	 increasingly	 performed	 in	 the	 United	 States	 as	
well	as	Asian	countries.	It	has	been	described	that	some	of	the	isolated	and	identified	
substances	of	higher	Basidiomycetes	mushrooms	origin	expressed	promising	antitumor,	
immunomodulating,	 antihypercholesteroletic,	 antiviral,	 antibacterial,	 and	antiparasitic	
effects	(2).	Edible	mushrooms,	including	Lentinus,	Flammulina,	Grifola,	Pleurotus,	and	
Agaricus,	 have	 traditionally	 shown	 that	 they	 possessed	 potent	 immunomodulating	
activities.	Thus,	there	are	many	species	of	mushrooms	that	have	been	found	to	markedly	
inhibit	the	growth	of	different	kinds	of	tumors	by	modulating	the	immune	system	in	the	
host.	There	have	been	reports	of	antitumor	activity	of	some	edible	mushrooms	such	as	
Lentinula edodes,	 Flammulina velutipes,	 Pholiota nameko,	 Agaricus bisporus,	
Hypsizigus marmoreus,	 Tricholma giganteum,	 and	 Tricholoma lobayense.	 Antitumor	
activities	of	Ganoderma lucidum,	Grifola frondosa,	Albatrellus confluens,	Cryptoporus 
volvatus,	and	Stellera chamaejasme,	B	cell	activation	of	Phellinus linteus,	and	mitogenic	
activity	 of	 Boletus satanas	 have	 been	 also	 reported.	 These	 mushrooms	 have	 been	
expected	to	become	source	materials	for	the	development	of	drugs.

There	is	considerable	research	and	information	on	assessing	the	biological	activities	
of	the	components	of	medicinal	mushrooms.	The	gross	compositions	of	mushrooms	are	
protein,	 fat,	 carbohydrate,	 fiber,	 and	 ash,	 except	 for	water	which	occupy	90%	 in	 the	
fruiting	body.	Polysaccharides	such	as	b-glucan	are	well	known	for	their	pharmacologi-
cal	 values	 as	 antitumor	 agents	 or	 immunomodulators.	 In	 addition,	 they	 are	 a	 good	
source	of	rare	minerals,	amino	acids,	and	trace	elements	such	as	copper,	zinc,	iron,	etc.	
Moreover,	a	variety	of	mushrooms	possess	 lots	of	secondary	metabolites.	These	sub-
stances	are	known	to	be	derived	from	many	intermediates	in	primary	metabolism.	These	
are	 amino	 acid-derived	 pathways,	 the	 shikimic	 acid	 pathway	 for	 the	 biosynthesis	 of	
aromatic	compounds,	the	acetate	malonate	pathway	from	acetyl	coenzyme	A,	and	the	
mevalonic	acid	pathway	from	acetyl	coenzyme	A	for	the	synthesis	of	sterols.	It	has	been	
reported	 that	 these	 compounds	possessed	unique	and	potent	bioactivities	 such	as	 the	
modulating	activity	for	NF-kB	activation,	inhibitory	activity	for	protein	kinases,	alkylat-
ing	effect	on	proteins	and	DNA,	inhibitory	activity	for	the	proliferation	of	cancer	cells	
via	modulating	check	points	 in	cell	cycle,	and	inhibitory	activity	for	oxidative	stress,	
and	so	on	(3).

As	 mentioned	 above,	 many	 compounds	 from	 the	 mushrooms	 demonstrate	 their	
potent	and	unique	properties	as	biological	response	modifiers	(BRM).	They	are	known	
to	enhance	or	suppress	immune	response	through	a	lot	of	factors,	which	are	a	dose,	a	
way	 of	 administrating	 them,	 the	 mechanism	 of	 immunomodulating	 action,	 and	 their	
active	sites.	It	especially	was	polysaccharides,	such	as	b-glucans,	and	polysaccharide–
peptide	 complex	 that	 were	 isolated	 from	 medicinal	 and	 edible	 mushrooms	 as	 potent	
antitumor	agents	or	immunomodulators	in	animals.	Imunomodulating	polysaccharides	
isolated	from	more	than	30	species	have	shown	potent	antitumor	action	in	animals.	It	is	
considered	to	augment	or	complement	the	desired	immune	system	to	maintain	the	host’s	
health	condition.	Many	scientific	reports	have	shown	the	function	of	the	poly	saccharides	
which	could	be	efficient	in	the	possible	treatment	of	immune	diseases,	including	allergic	
asthma,	food	allergy,	atopic	dermatitis,	inflammation,	autoimmune	joint	inflammation,	
atherosclerosis,	hyperglycemia,	thrombosis,	human	immunodeficiency	virus	infection,	
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listeriosis,	tuberculosis,	and	septic	shock	(4).	Moreover,	it	has	been	studied	that	isolated	
polysaccharides	from	the	mushrooms	stimulated	or	suppressed	specific	components	of	
the	immune	system.

Cytokines	are	recognized	as	 important	components	secreted	from	immunocomple-
ment	cells.	They	play	a	pivotal	role	in	the	regulation	of	immune	responses	via	cytokine	
networks	 and	 signaling	 pathways.	 Also,	 they	 stimulate	 inflammatory	 responses	 by	
inducing	the	proliferation	and	activation	of	lymphocyte	and	monocyte.	CD4+	T	cells	and	
macrophages	have	been	considered	pivotal	cytokines	in	immune	responses.	When	they	
are	stimulated	with	immunomodulators	such	as	the	polysaccharides,	interleukins	(ILs),	
interferons	(IFNs)	and	tumor	necrosis	factor	(TNF)	are	secreted	from	them	and	support	
CD4+	Th	cell	differentiation	toward	Th1	and	Th2	cells.	The	direction	of	this	differentia-
tion	depends	on	 the	kind	of	cytokines	and	signal	 transduction	 through	 their	 receptor.	
The	immune	response	via	CD4+	Th	cells	depends	on	regulating	the	balance	of	the	pro-
duction	of	antigen-specific	Th1	and	Th2	cells.	The	polysaccharides	as	immunomodula-
tors	appear	to	stimulate	the	human	immune	response	and	to	be	effective	in	preventing	
it	from	cancer	and	immunodeficiency	diseases	via	the	activation	of	cytokine	networks	
and	 signaling	 pathways.	 In	 this	 chapter,	 the	 properties	 of	 the	 immunomodulating	
polysaccharides	from	edible	mushrooms,	which	were	L. edodes,	G. frondosa,	P. nameko,	
Pleurotus cornucopiae,	and	others	were	described.

28.2  ANTITUMOR AND IMMUNOMODULATING 
POLYSACCHARIDES FROM THE MUSHROOMS

At	first,	immunomodulatery	strategies	of	the	mushrooms	were	to	augment	or	suppress	
properties	 of	 the	 host	 immune	 response	 in	 prevention	 from	 cancers	 of	 the	 stomach,	
esophagus,	lungs,	etc.	Many	investigators	have	then	reported	that	the	antitumor	substances	
were	isolated	and	identified	from	some	kinds	of	mushrooms,	and	an	antitumor	activity	of	
mushrooms	appeared	to	be	attributable	to	the	polysaccharides	and	polysaccharide-protein	
complexes	contained	in	themselves.	Ikekawa	et	al.	(5)	reported	that	the	hot	water	extracts	
from	some	kinds	of	mushrooms	showed	significant	antitumor	activities	against	implanted	
tumor	of	Sarcoma	180	through	host-mediated	mechanism.	It	has	been	well	known	that	the	
antitumor	polysaccharides	in	these	mushrooms	enhance	the	immunomodulating	effects	in	
the	host.	Hence,	these	polysaccharides	have	been	recognized	as	BRM.	It	has	been	well	
known	that	lentinan,	which	was	b-1,	6-blanched	b-1,	3-glucan,	from	L. edodes	possessed	
a	strong	antitumor	effect	via	its	immunopotentiating	activity	(6).	Grifolan	has	been	iso-
lated	and	purified	from	G. frondosa	mycelium	(7).	And,	the	antitumor	b-glucan	(desig-
nated	as	D-fraction)	was	extracted	from	G. frondosa	 fruiting	body	by	Nanba	et	al.	 (8).	
These	 glucans	 in vivo	 enhanced	 immunoreactivity,	 inducing	 the	 activation	 of	 macro-
phages,	cytotoxic	T	cells,	and	NK	cells.	In	addition,	schizophyllan	from	Schizophyllum 
commune,	and	PSK	from	Trametes versicolor	were	approved	as	pharmaceutical	agents	in	
Japan.	T. versicolor	also	contained	bioactive		polysaccharide-peptide,	PSP.	It	has	also	been	
reported	that	antitumor	polysaccharides	such	as	SSG	from	Sclerotinia sclerotiorum	and	
many	 kinds	 of	 bioactive	 polysaccharides	 and	 polysaccharide–protein	 complexes	 from	
Agaricus blazei,	F. velutipes,	Auricularia auricular-judae,	G. lucidum,	Amanita muscaria,	
Polyporous confluens,	T. giganteum,	Ganoderma tsugae,	Pleurotus sajor-caju,	C. volva-
tus,	and	Sarcodn aspratus	were	isolated	and	purified.
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On	the	other	hand,	it	is	considered	that	searching	for	new	antitumor	and	other	medici-
nal	substances	from	the	mushrooms	and	studying	their	several	medicinal	values	have	
become	a	matter	of	great	significance.	Many	reports	showed	that	most	of	the	antitumor	
polysaccharides	played	many	important	roles	in	strengthening	the	immune	system	for	
host	 defense.	 Recently,	 it	 has	 been	 reported	 that	 these	 polysaccharides	 stimulated	
immunocomplement	cells	such	as	T	lymphocytes,	natural	killer	cell,	and	macrophage	
and	could	induce	the	productions	of	some	kinds	of	cytokines	from	these	cells	(9–11).	
Cytokines,	which	are	bioactive	peptides	such	as	ILs,	TNF	and	IFNs	etc.,	are	secreted	
from	 stimulated	 lymphocytes	 and	 macrophages,	 and	 organize	 and	 regulate	 cytokine	
networks	 to	 maintain	 the	 immune	 system.	 It	 has	 been	 considered	 that	 the	 immune	
responses	depending	on	CD4+	helper	T	 (Th)	 cells	 are	 controlled	via	maintaining	 the	
balance	of	Th1	and	Th2	cells	(12).	Th1	cells	produce	IFN-g	and	TNF-a,	whereas	Th2	
cells	produce	IL-4,	IL-5,	and	IL-13.	In	addition,	a	type	of	macrophages	producing	IL-1,	
IL-12,	 IL-23,	 TNF-a,	 reactive	 oxygen	 species	 (ROS),	 and	 nitrogen	 reactive	 species	
(NOS)	support	Th1	response.	In	contrast,	other	types	of	macrophages	secreting	IL-10	
contribute	to	Th2	response.	Liu	et	al.	(9)	and	Jin	et	al.	(13)	showed	that	polysaccharides	

Fig. 28.1.	 Extraction	of	an	antitumor	polysaccharide	from	the	mushroom	fruiting	body	by	traditional	
method.
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from	L. edodes	induced	the	production	of	some	kinds	of	cytokines,	including	TNF-a,	
IL-1b,	IL-10,	IL-12,	and	IFN-g,	from	stimulated	human	peripheral	blood	mononuclear	
cells	 (PBMC),	peritoneal	exudates	cells,	and	splenocytes.	G. frondosa	also	contained	
some	 b-glucan	 preparations	 that	 led	 macrophages,	 T	 lymphocyte,	 and	 NK	 cell,	 or	
spleen	and	lymph	node	to	produce	IL-1,	IL-6,	IL-12,	IL-18,	IFN-g,	and	TNF-a.	These	
agents	increased	production	of	IL-1,	IL-2,	IL-6,	IL-8,	IFN-g,	and	TNF-a	from	stimu-
lated	PBMC	and	human	monocytes	(3).

Although	the	analytical	methods	of	polysaccharides	have	improved	considerably,	it	
is	still	difficult	to	purify	and	quantify	the	polysaccharides	as	summarized	in	Fig.	28.1.	
It	is	very	tedious	to	obtain	the	polysaccharides	reproducibly,	and	difficult	to	determine	
them	exactly.	This	seems	a	reason	why	no	paper	had	reported	how	the	contents	of	anti-
tumor	 polysaccharides	 changed	 in	 the	 mushrooms	 during	 growth	 and	 storage	 of	 the	
fruiting	bodies.	To	detect	the	exact	and	simple	analysis	for	the	antitumor	polysaccha-
rides	 in	mushrooms,	we	have	prepared	a	few	antipolysaccharide	antibodies,	and	 then	
applied	 the	 enzyme	 linked	 immunosorbent	 assay	 (ELISA)	 to	 determine	 the	 polysac-
charides	in	the	mushrooms	using	these	antibodies	(Fig.	28.2),	(14,	15).

28.3  LENTINAN FROM L. EdodEs

Chihara	et	al.	(6)	isolated	and	purified	lentinan	from	the	hot	water	extract	of	L. edo-
des	called	as	“Shiitake”	in	Japan.	Lentinan	has	two	branches	for	every	five	d-glucop-
yranosyl	 residues	 at	 O-6.	 The	 average	 molecular	 weight	 of	 lentinan	 was	 deduced	 as	
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Fig. 28.2.	 ELISA	inhibition	assay	for	the	determination	of	an	immunomodulating	polysaccharide.	
(1)	Primary	anti-polysaccharide	antibody	incubation.	(1-1)	Incubate	the	sample	in	diluted	primary	
antibody	for	30	min	at	4°C.	(1-2)	Incubate	the	antigen	(the	polysaccharide)	coating	well	with	the	
mixture	of	 sample	and	 the	primary	antibody	 for	1	h	at	25°C.	 (1-3)	Rinse	 the	well	 to	 remove	 the	
conjugations	of	the	sample	and	the	antibody.	(2)	Secondary	antibody	incubation.	Incubate	the	well	
in	the	diluted	HRP	labeled	secondary	antibody	for	1.5	h	at	25°C.	(3)	Detection.	After	coloration	with	
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-O-phenilenediamine	for	10	min	at	25°C,	absorbance	at	492	nm	is	measured.
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400,000.	The	antitumor	mechanism	of	this	glucan	has	been	thought	to	be	by	activation	
of	 immunoresponses	 in	 the	host.	Lentinan	had	a	strong	antitumor	effect;	 it	markedly	
inhibited	 the	growth	of	Sarcoma	180	 implanted	subcutaneously	 in	mice,	 inducing	an	
almost	complete	regression	of	tumors	at	doses	of	1	mg∙kg−1	without	toxicity.	It	has	also	
been	reported	that	lentinan	showed	prominent	antitumor	activity	in	murine	allogeneic	
and	 syngeneic	 host.	 It	 is	 widely	 accepted	 that	 the	 activated	 immunocompetent	 cells,	
such	as	macrophages,	cytotoxic	T	cells,	and	natural	killer	(NK)	cells,	 in	host	usually	
play	important	roles	in	tumor	immunity.	These	reports	suggest	that	the	lentinan	acts	as	
an	 immunomodulator	 to	 develop	 tumor	 immunity	 against	 allogeneic	 and	 some	 syn-
geneic	tumors.	In	addition,	Nanba	et	al.	(16)	reported	that	the	extract	containing	lenti-
nan	 from	 L. edodes	 fruiting	 bodies	 showed	 antitumor	 effects	 on	 allogeneic	 and	
syngeneic	 tumors	 after	 oral	 administration.	 It	 is	 thought	 that	 lentinan	 augments	 the	
immune	 response	 through	 modulation	 of	 the	 function	 of	 phagocytes	 such	 as	 macro-
phages.	It	has	been	also	reported	that	lentinan	possesses	an	immunomodulating	effect	
which	 is	 seen	 in	 the	 activation	 of	 a	 variety	 of	 macrophage	 functions,	 for	 example,	
TNF-a,	IL-1,	NO	and	superoxide	anion	production,	phagocytosis,	and	cytotoxicity.

We	detected	a	change	in	lentinan	from	L. edodes	fruiting	body	during	growth	(17).	
The	fruiting	bodies	were	harvested	at	early	formation	period	of	fruiting	body	(Stage	I;	
the	cap	closed,	4	days	after	 the	fruiting	body	started	 to	form),	at	middle	stage	of	 the	
formation	period	(Stage	II;	the	cap	opened	moderately,	6	days	after),	and	at	last	stage	
of	the	formation	period	(Stage	III;	the	cap	opened	completely,	7	days	after).	It	was	rec-
ognized	that	the	fruiting	body	at	Stage	II	was	suitable	as	a	commercial	product.	During	
this	period,	the	weight	of	the	fruiting	body	increased	from	9	to	18	g	during	growth,	and	
the	content	of	lentinan	increased	from	1.4	to	1.5	mg∙g−1		fw	assessed	by	ELISA	using	
the	anti-lentinan	antibodies.	Thereafter,	lentinan	content	decreased	to	1.1	mg∙g−1		fw	at	
Stage	III.	Moreover,	we	investigated	their	immunomodulating	activities	in	TNF-a	and	
NO	production	from	murine	peritoneal	macrophages.	The	effect	of	L. edodes	increased	
from	approximately	500	pg∙ml−1,	which	was	the	activity	of	the	mushroom	at	Stage	I,	to	
700	pg∙ml−1	(at	Stage	II)	as	TNF-a	productions,	and	from	4.3	mM	(at	Stage	I)	to	7.1	mM	
(at	Stage	II)	as	NO	productions.	However,	the	activity,	which	the	mushroom	at	Stage	III	
showed,	decreased	to	500	pg∙ml−1	as	TNF-a	production	and	to	4.8	mM	as	NO	produc-
tion.	These	results	suggested	that	the	contents	of	antitumor	polysaccharides,	which	were	
synthesized	 in	 mushrooms,	 change	 through	 the	 growth	 periods;	 thereby,	 a	 suitable	
period	 in	 which	 to	 harvest	 the	 mushroom	 with	 strong	 antitumor	 activity	 was	 found.	
And,	the	change	reflected	a	change	in	the	potency	of	an	immunomodulating	activity	of	
L. edodes.	Therefore,	it	is	necessary	to	determine	an	amount	of	an	antitumor	polysac-
charide	 in	a	medicinal	mushroom	and	harvest	 it	at	 the	period	when	the	mushroom	is	
effectively	available	as	functional	food	and	a	source	of	nutritional	supplement.

28.4  ANTITUMOR POLYSACCHARIDES FROM G. Frondosa

G. frondosa,	called	as	“Maitake”,	is	also	a	very	popular	edible	mushroom	in	Japan.	
Antitumor	 glucan	 fractions,	 which	 were	 designated	 grifolan	 and	 D-fraction,	 were	
obtained	from	G. frondosa	liquid-cultured	mycelium	(7)	and	fruiting	bodies	(8),	respec-
tively.	 Grifolan	 consisted	 of	 a	 b-1,	 3-polyglucose	 backbone	 with	 a	 branch	 for	 every	
three	d-glucopyranosyl	residues	at	O-6.	D-fraction	was	mainly	composed	of	a	backbone	
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of	b-1,	6-linked	glucose	residues	with	side	chains	of	b-1,	3-glucose	residues.	There	have	
been	 reports	 that	 they	 showed	 enhanced	 immunomodulating	 activities,	 including	 the	
activation	of	macrophages,	cytotoxic	T	cells	and	NK	cells.	 It	had	been	demonstrated	
that	grifolan	 enhanced	 to	produce	a	pleiotropic	 cytokine,	 IL-6.	 It	 should	 activate	 the	
host	defense	system	by	IL-6	exhibiting	broad	immunomodulating	activities,	involving	
the	induction	of	IL-2	production	from	T	cells	and	the	induction	of	acute	phase	proteins	
in	 hepatocytes.	 In	 addition,	 the	 polysaccharide	 augmented	 productions	 of	 IL-1	 and	
TNF-a,	proinflammatory	cytokines	from	stimulated	murine	macrophages	(RAW264.7).	
On	the	other	hand,	it	had	been	shown	that	the	glucan	from	the	fruiting	body	suppressed	
tumor	 growth	 by	 significantly	 increasing	 the	 production	 of	 TNF-a	 and	 IFN-g	 from	
spleen	cells	or	NK	cells,	and	IL-12	from	macrophages	(18).	We	investigated	a	change	
in	the	amount	and	activity	of	immunomodulating	glucan	from	the	fruiting	body	during	
growth	as	well	as	lentinan	in	L. edodes	(17).	G. frondosa	fruiting	bodies	were	harvested	
at	four	different	stages	during	growth	from	Stage	I	to	IV.	The	cap	of	the	mushroom	at	
Stage	I	(5	days	after	the	fruiting	body	started	to	form)	and	II	(10	days	after)	remained	
closed,	and	then	they	opened	moderately	at	Stage	III	(15	days	after)	and	completely	at	
Stage	IV	(18	days	after).	The	weight	of	G. frondosa	fruiting	bodies	also	increased	from	
approximately	135	g	to	200	g	during	the	growth	of	the	mushroom.	It	was	recognized	
that	the	fruiting	body	at	Stage	III	was	suitable	as	a	commercial	product.	The	amount	of	
the	glucan	in	the	fruiting	body	increased	from	1.7	mg∙g−1		fw	to	2.7	mg∙g−1		fw	through	
the	period	from	Stage	I	to	III.	However,	its	content	decreased	rapidly	to	1.3	mg∙g−1		fw	
at	the	growth	stage	IV.	These	results	suggested	that	the	contents	of	antitumor	polysac-
charides	in	mushrooms	changed	during	the	growth	of	the	fruiting	bodies.	Moreover,	the	
changes	in	the	effect	of	G. frondosa	fruiting	bodies	during	growth	in	TNF-a	and	NO	
productions	from	murine	macrophages	were	investigated.	The	amount	of	TNF-a	which	
was	released	from	macrophages	stimulated	with	the	extract	from	the	fruiting	body	at	
growth	stage	I	was	approximately	300	pg∙ml−1.	And,	at	growth	stage	III,	 its	effect	on	
TNF-a	 production	 significantly	 increased	 to	 500	 pg∙ml−1.	 Thereafter,	 the	 amount	 of	
TNF-a	was	decreased	to	260	pg∙ml−1at	growth	stage	IV.	The	amount	of	NO	produced	
from	the	macrophages	was	also	examined.	Its	amount	increased	from	5.2	to	7.1	mM	in	
the	extracts	from	G. frondosa	during	growth	from	I	to	III.	Thereafter,	the	amount	of	NO	
from	macrophages	stimulated	with	the	extract	at	stage	IV	of	the	mushroom	decreased	
to	3.7	mM.	The	results	in	this	study	suggested	that	the	content	of	an	antitumor	polysac-
charide	in	a	mushroom	changed	during	the	growth	period,	and	this	change	would	affect	
an	immunomodulating	activity	of	a	medicinal	mushroom.

28.5  IMMUNOMODULATING ACTIONS OF P. cornucoPiaE  
vAR. citrinoPiLEatus, OYSTER MUSHROOMS,  
AND P. namEko

The	basidiomycete	fungi	P. cornucopiae	var.	citrinopileatus	called	‘Tamogitake’	and	
P. nameko	c	‘nameko’	are	also	delicious	and	popular	edible	mushrooms	in	Japan.	We	
suggest	 that	 these	mushrooms	can	provide	source	materials	 for	 the	development	of	a	
novel	immunomodulator.	The	basidiomycete	fungi	P. cornucopiae	is	also	called	“oyster	
mushroom”	and	is	considered	very	delicious.	The	production	and	consumption	of	this	
edible	mushroom	have	rapidly	increased	every	year.	Therefore,	it	is	believed	that	this	
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mushroom	was	effectively	utilized.	Recently,	it	has	been	reported	that	this	mushroom	
possesses	various	pharmacological	functions.	It	was	reported	that	D-mannitol	and	a	hot	
water	extract	from	this	mushroom	showed	significant	antihypertensive	effects.	However,	
little	has	been	 reported	 regarding	 the	 immunomodulating	effects	of	 a	polysaccharide	
from	the	fruiting	body	of	P. cornucopiae	var.	citrinopileatus.	To	investigate	the	immu-
nomodulating	 action	 of	 the	 mushroom,	 we	 chromatographically	 isolated	 an	 immu-
nomodulating	polysaccharide	fraction	possessing	a	molecular	mass	of	448	kDa	from	a	
hot	water	soluble	extract	of	 this	fruiting	body,	and	measured	the	cytokine	production	
from	macrophage	cell	 lines,	RAW264	(mouse)	and	U937,	THP-1	(human),	 that	were	
treated	with	the	fraction.	It	showed	high	activities	of	productions	of	tumor	necrosis	fac-
tor	 (TNF)-a,	 IP-10,	nitric	oxide	 (NO)	 from	 the	 treated	macrophages.	However,	Th2-
cytokine,	 such	as	 IL-10,	 could	not	be	produced	 from	 them	 (19,	20).	 In	 addition,	 the	
immunomodulating	 activity	 of	 the	 polysaccharide	 was	 enhanced	 by	 a	 guanylic	 acid	
(5¢-GMP-Na),	and	suppressed	by	vitamin	D

2
	(unpublished).	This	result	suggested	that	

the	 immunomodulating	 activity	of	 a	 functional	 polysaccharide	would	be	 changed	by	
interactive	action	with	other	food	factors.

P. nameko	also	possess	potent	immunomodulating	activities	as	a	result	of	cytokine	
production	from	murine	human	macrophages	(21).	This	edible	mushroom	had	shown	
significant	strong	inhibition	action	against	the	Sarcoma	180	ascites	tumor	growth	(5).	
To	determine	an	immunomodulating	activity	of	the	P. nameko	fruiting	body,	the	pattern	
of	cytokine	production	and	the	subset	analysis	of	splenic	lymphocytes	in	BALB/c	mice	
administered	the	freeze	dried	powder	of	the	mushroom	for	2–6	weeks.	The	powder	was	
found	 to	 enhance	 the	 immunomodulating	 effects	 on	 the	 production	 of	 TNF-a	 from	
peritoneal	exudates	macrophages.	Moreover,	the	P. nameko	fruiting	body	significantly	
increased	CD3+CD4+	T	cells	subset	in	spleen	from	the	mice.	And,	it	was	demonstrated	
to	enhance	secreting	of	a	Th1	type	cytokine	IFN-g,	and	to	attenuate	production	of	a	Th2	
type	cytokine	IL-4	from	splenic	lymphocytes	(unpublished).

These	results	suggested	that	the	two	mushrooms	P. cornucopiae	and	P. nameko	acti-
vated	 immunocompetent	 cells	 such	 as	 macrophages	 and	 lymphocytes,	 and	 could	
provide	 source	materials	 for	 the	development	of	 a	Th1-polarizing	 immunomodulator	
(Fig.	28.3).	Thus,	these	mushrooms	also	could	be	used	as	effective	materials	of	func-
tional	foods	and	immmunomodulators.

28.6  OTHERS

Many	edible	mushrooms	have	already	become	attractive	as	health-beneficent	foods	
and	as	source	materials	for	immunomodulators,	antitumor	agents,	antibiotics,	and	anti-
hypertensive.	 Therefore,	 medical	 and	 pharmaceutical	 interest	 in	 the	 mushrooms	 has	
strongly	 increased	 worldwide.	 In	 1969,	 Ikekawa	 et	 al.	 (5)	 reported	 on	 the	 antitumor	
activities	of	aqueous	extracts	of	edible	mushrooms,	 including	L. edodes, F. velutipes,		
P. ostreatus, P. spodoleucus, P. nameko, T. matsutake, and A. auricula-judae.	Recently,	
immunomodulators	from	more	than	30	species	of	mushrooms	have	been	isolated	and	
their	pharmaceutical	activities	were	shown.

The	glucan	and	the	glucan–protein	complex	from	A. blazei	Murill	possessed	remark-
able	antitumor	activity	by	enhancing	T	cell	activities,	and	immunomodulating	activities	
that	promoted	the	secretion	of	IL-8,	TNF-a	and	nitric	oxide	from	macrophages	and	the	
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synthesis	of	proinflammatory	cytokines	such	as	IL-1b,	IL-6,	IL-8	and	TNF-a	in	human	
monocytes	 (22).	 Tricholoma	 species	 also	 showed	 a	 strong	 antitumor	 activity	 via	
	stimulation	for	immunocomplement	cells.	They	have	the	ability	to	enhance	phagocytic	
function	of	peritoneal	exudate	cells,	and	mitogenic	activity	of	T	cells	in	tumor-bearing	
mice.	A. bisporus	is	a	major	mushroom	cultivated	globally.	In	the	Western	countries,	the	
production	of	this	mushroom	accounts	for	80–98%	of	total	mushroom	production.	The	
white	button	and	the	crimini	stimulated	macrophages	to	produce	TNF-a.	A. bisporus	
fruiting	 body	 possessed	 antitumor	 activity	 through	 enhancing	 cytotoxic	 activity	 of		
T	 cells	 (23).	 Moreover,	 the	 other	 mushrooms	 involving	 S. aspratus	 (24)	 and	 Isaria 
japonica	(25)	showed	potent	immunomodulating	actions	and	antitumor	activities.

We	believe	that	the	success	of	these	studies	could	lead	to	an	increase	in	utilization	of	
these	 mushrooms	 as	 a	 common	 food,	 a	 nutritional	 or	 functional	 food,	 and	 a	 source	
material	for	drugs	or	immunomodulators.

28.7  CONCLUSIONS AND PERSPECTIvES

In	oriental	traditional	medicine,	it	has	been	believed	that	medicine	and	food	have	the	
same	origin,	which	was	called	“Ishoku-Dougen”	in	Japanese.	Many	edible	mushrooms	
have	already	become	attractive	as	health-beneficent	foods,	and	as	source	materials	for	
immunomodulators,	antitumor	agents,	antibiotics,	and	antihypertensive,	etc.	Therefore,	
the	 medical	 and	 pharmaceutical	 interest	 in	 the	 mushrooms	 has	 become	 increasingly	
strong	worldwide.	Historically,	 the	polysaccharides	or	glucan	had	been	investigated	in	
their	 immunomodulating	 actions	 and	 roles	 in	 the	 immune	 system.	 And,	 most	 data	
showed	that	the	polysaccharides	from	the	mushrooms	can	provide	source	materials	for	
the	development	of	Th1-polarizing	immunomodulators,	which	thereby	might	be	expected	
to	prevent	the	disease	caused	by	an	increase	in	Th2	responses,	such	as	allergy	(Fig.	28.3).	
We	have	already	reported	that	extracts	from	some	kinds	of	edible	mushrooms	such	as		
L. edodes,	G. frondosa,	S. aspratus,	P. cornucopiae,	P. nameko,	and	A. blazei	showed	
	significant	immunomodulating	actions.	However,	recently,	a	variety	of	small	molecule	
compounds	such	as	epoxy	compounds,	flavonoids,	and	terpene		compounds,	have	shown	

Functional Functional 
polysaccharides from polysaccharides from 

mushroomsmushrooms

Th1

Th2

NO

IFN-γ

Mf

Mf etc.

TNF-α

naïve T

Th1-polarized
immunologic

responses

Th1-polarized
immunologic

responses

Fig. 28.3.	 The	hypothesis	for	immunomodulating	action	of	a	functional	polysaccharide	from	edible	
mushrooms.	The	mushrooms	can	provide	source	materials	for	the	development	of	a	Th1-polarizing	
immunomodulator.
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properties	to	inhibit	and	stimulate	molecular	targets	in	the	immune	system.	Further,	we	
must	clarify	their	role	in	the	immune	system	as	well	as	the	active	site	of	the	polysaccha-
irde.	Many	kinds	of	mushrooms	are	expected	to	become	useful	materials	of	functional	
food	or	immunomodulators.	It	is	necessary	that	the	researchers	must	elucidate	what	is	an	
active	site	of	a	functional	compound,	and	how	it	plays	a	pivotal	role	in	the	immune	sys-
tem.	The	success	of	our	work	would	help	us	lead	a	healthier	life.

REFERENCES

	 1.	 Wasser	SP,	Nevo	E,	Sokolov	D,	Reshetnikov	S,	Timor-Tismenetsky	M	(2000)	Dietary	supplements	from	
medicinal	mushrooms:	diversity	of	types	and	variety	of	regulations.	Int	J	Med	Mushrooms	2:1–19

	 2.	 Wasser	SP,	Weis	AL	 (1999)	Medicinal	properties	of	 substances	occurring	 in	higher	Basidiomycetes	
mushrooms:	current	perspectives.	Int	J	Med	Mushrooms	1:31–62

	 3.	 Zaidman	BZ,	Yassin	M,	Mahajna	J,	Wasser	SP	(2005)	Medicinal	mushroom	modulators	of	molecular	
targets	as	cancer	therapeutics.	Appl	Microbiol	Biotechnol	67:453–468

	 4.	 Lull	 C,	 Wichers	 HJ,	 Savelkoul	 HFJ	 (2005)	 Antiinflammatory	 and	 immunomodulating	 properties	 of	
fungal	metabolites.	Mediat	Inflamm	2:63–80

	 5.	 Ikekawa	T,	Uehara	N,	Maeda	Y,	Nakanishi	M,	Fukuoka	F	(1969)	Antitumor	activity	of	aqueous	extracts	
of	edible	mushrooms.	Cancer	Res	29:734–735

	 6.	 Chihara	G,	Maeda	Y,	Hamuro	 J,	Sasaki	T,	Fukuoka	F	 (1969)	 Inhibition	of	mouse	Sarcoma	180	by	
polysaccharides	from	Lentinus edodes	(Berk.)	sing.	Nature	222:687–688

	 7.	 Ohno	N,	Iino	K,	Takeyama	T,	Suzuki	I,	Sato	K,	Oikawa	S,	Miyazaki	T,	Yadomae	T	(1985)	Structural	
characterization	and	antitumor	activity	of	the	extracts	from	matted	mycelium	of	cultured	Grifola fron-
dosa.	Chem	Pharm	Bull	33:3395–3401

	 8.	 Nanba	H,	Hamaguchi	A,	Kuroda	H	(1987)	The	chemical	structure	of	an	antitumor	polysaccharide	in	
fruit	bodies	of	Grifola frondosa	(Maitake).	Chem	Pharm	Bull	35:1162–1168

	 9.	 Liu	 F,	 Ooi	 VEC,	 Fung	 MC	 (1999)	 Analysis	 of	 immunomodulating	 cytokine	 mRNAs	 in	 the	 mouse	
induced	by	mushroom	polysaccharides.	Life	Sci	64:1005–1011

	10.	Okazaki	M,	Adachi	Y,	Ohno	N,	Yadomae	T	 (1995)	Structure-activity	 relationship	of	 (1	 	→	 	3)-b-d-
glucans	 in	 the	 induction	 of	 cytokine	 production	 from	 macrophages,	 in	 vitro.	 Biol	 Pharm	 Bull	
18:1320–1327

	11.	Sakurai	 T,	 Ohno	 N,	 Yadomae	 T	 (1994)	 Changes	 in	 immune	 mediators	 in	 mouse	 lung	 produced	 by	
administration	of	soluble	(1		→		3)-b-d-glucan.	Biol	Pharm	Bull	17:617–622

	12.	Mosmann	TR,	Coffman	RL	(1989)	TH1	and	TH2	cells:	different	patterns	of	lymphokine	secretion	lead	
to	different	functional	properties.	Annu	Rev	Immunol	7:145–173

	13.	Jin	M,	Jung	HJ,	Choi	JJ,	Jeon	H,	Oh	JH,	Kim	B,	Shin	SS,	Lee	JK,	Yoon	K,	Kim	S	(2003)	Activation	
of	selective	transcription	factors	and	cytokines	by	water-soluble	extract	from	Lentinus lepideus.	Exp	
Bio	Med	228:749–758

	14.	Mizuno	M,	Minato	K,	Tsuchida	H	(1996)	Preparation	and	specificity	of	antibodies	 to	an	anti-tumor	
b-glucan,	lentinan.	Biochem	Mol	Biol	Int	39:679–685

	15.	Mizuno	M,	Yamakawa	A,	Minato	K,	Kawakami	S,	Tatsuoka	S,	Tsuchida	H	(1999)	Preparation	of	anti-
body	 against	 antitumor	 b-glucan	 in Grifola frondosa	 and	 its	 application.	 Food	 Sci	 Technol	 Res	
5:398–401

	16.	Nanba	H,	Kuroda	H	(1987)	Antitumor	mechanisms	of	orally	administered	shiitake	fruit	bodies.	Chem	
Pharm	Bull	35:2459–2464

	17.	Minato	K,	Mizuno	M,	Kawakami	S,	Tatsuoka	S,	Denpo	Y,	Tokimoto	K,	Tsuchida	H	(2001)	Changes	
in	 immunomodulating	activities	 and	content	of	 antitumor	polysaccharides	during	 the	growth	of	 two	
medicinal	mushrooms,	Lentinus edodes	(Berk.)	Sing.	and	Grifola frondosa	(Dicks.:	Fr)	S.	F.	Gray.	Int	
J	Med	Mushrooms	3:1–7

	18.	Kodama	N,	Komuta	K,	Sakai	N,	Nanba	H	(2002)	Effects	of	D-fraction,	a	polysaccharide	from	Grifola 
frondosa	on	tumor	growth	involve	activation	of	NK	cells.	Biol	Pharm	Bull	25:1647–1650



539Chapter 28 / Mushrooms: Immunomodulating Activity and Role in Health Promotion

	19.	Minato	K,	Abe	C	(2008)	An	 immunomodulating	action	of	a	polysaccharide	 fraction	 from	an	edible	
mushroom,	Pleurotus cornucopiae	var.	citrinopileatus.	J	Clin	Biochem	Nutr	43:359–362

	20.	Minato	 K	 (2008)	 A	 polysaccharide	 fraction	 from	 an	 edible	 mushroom,	 Pleurotus cornucopiae	 var.	
citrinopileatus	stimulates	an	immunomodulating	action	of	murine	macrophage,	RAW264,	on	TNF-a	
and	NO	productions	in	vitro.	Int	J	Med	Mushrooms	10:235–244

	21.	Minato	K,	Kasahara	S	(2006)	Immunomodulating	action	of	edible	mushrooms,	Pleurotus cornucopiae	
var.	citrinopileatus	and	Pholiota nameko.	8th	International	Mycological	Congress,	Medimond	S.	r.	l.,	
Italy,	pp	219–224

	22.	Sorimachi	K,	Akimoto	K,	Ikehara	Y,	Inafuku	K,	Okubo	A,	Yamazaki	S	(2001)	Secretion	of	TNF-a,	
IL-8	 and	 nitric	 oxide	 by	 macrophages	 activated	 with	 Agaricus blazei	 Murill	 fractions	 in	 vitro.	 Cell	
Struct	Funct	26:103–108

	23.	Nanba	H,	Kuroda	H	 (1988)	Potentiation	of	host-mediated	 antitumor	 activity	by	orally	 administered	
mushroom	(Agaricus bispora)	fruit	bodies.	Chem	Pharm	Bull	36:1437–1444

	24.	Mizuno	M,	Shiomi	Y,	Minato	K,	Kawakami	S,	Ashida	H,	Tsuchida	H	(2000)	Fucogalactan	 isolated	
from	Sarcodon aspratus	elicites	release	of	tumor	necrosis	factor-a	and	nitric	oxide	from	murine	mac-
rophages.	Immunopharmacology	46:113–121

	25.	Kawakami	S,	Minato	K,	Imamura	T,	Aizono	Y,	Mizuno	M	(2003)	Stimulation	of	TNF-a	and	NO	pro-
duction	from	murine	macrophage	by	water-soluble	polysaccharides	from	Isaria japonica.	In:	Shahidi	
F,	Ho	CT,	Watanabe	S,	Osawa	T	(eds)	Food	factors	in	health	promotion	and	disease	prevention:	ACS	
Symposium	Series	851.	American	Chemical	Society,	Washington,	DC,	pp	152–162



541

29 Immunological Functions of 
Polysaccharides from Soy Sauce

Makio Kobayashi

Key Points

Soy sauce is a traditional fermented seasoning of Japan, and now  available through-•	
out the world. Ever since the biological functions of the ingredients in soy sauce have 
been elucidated, soy sauce is considered to be not only a traditional  seasoning but 
also a functional food for human health.

Key Words: Allergy, antiallergic activity, clinical study, immunomodulation, intestinal 
immune system, shoyu polysaccharides (SPS), soy sauce.

29.1  INTRODUCTION

Soy sauce, traditionally used in Japan and several oriental countries, is a liquid 
 seasoning currently used in cooking worldwide (1). The daily consumption of soy sauce 
in Japan is estimated at about 30 ml per person, according to data from the Japan Soy 
Sauce Brewers Association, 1988. Studies suggest that soy sauce contains certain bioac-
tive components in addition to taste and aroma compounds, and has various biological 
functions including anticarcinogenic (2, 3), antimicrobial (4), antioxidative (5–7), and 
antiplatelet (8) activities and the inhibition of an angiotensin I-converting enzyme (9). 
Therefore, soy sauce is considered to be not only a traditional seasoning but also a 
functional food. Further study is needed to elucidate the biological functions of soy 
sauce ingredients. In this chapter, new immunological functions of soy sauce are 
described with respect to allergies, such as antiallergic and immunomodulating  activities 
of polysaccharides from soy sauce.
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29.2  BREWING OF JAPANESE SOY SAUCE

Shoyu is the Japanese name for soy sauce. Many varieties of shoyu are produced in 
Japan and other oriental countries. Their characteristics depend on the various types 
and different ratios of raw materials used, the types of microorganisms employed, and 
the conditions of fermentation. In Japan, naturally brewed shoyu is produced as shown 
in Fig. 29.1 (1, 10–12). Moistened soybeans are cooked under both high pressure and 
temperature, while the wheat is roasted and crushed. These two materials are mixed 
with a small amount of seed mold, Aspergillus oryzae or A. sojae. This mixture is 
placed on a large porous plate through which temperature- and moisture-controlled air 
is passed to provide the appropriate conditions for mold growth and enzyme produc-
tion. The mold-cultured material is termed koji, and the koji is mixed with high NaCl 
in water to make a mash called moromi. The moromi, containing about 15% (w/v) 
NaCl, is stored in large tanks for several months at room or elevated temperature. The 
moromi is fermented with lactobacilli and yeasts and then well aged. The aged moromi 
is pressed, and the liquid part (raw soy sauce) is pasteurized to obtain the final product, 
soy sauce (shoyu).

29.3  POLYSACCHARIDES FROM SOY SAUCE

In soy sauce, the proteins of the raw materials are completely degraded into peptides 
and amino acids by microbial proteolytic enzymes after fermentation (13), and so no 
allergens are present (13–15). In contrast, polysaccharides originating from the cell wall 
of soybeans are resistant to enzymatic hydrolysis, and are present even after fermentation 
(16, 17). In 1972, Kikuchi and Yokotsuka (16) purified polysaccharides from soy sauce 
and investigated their properties in detail. The cell wall polysaccharides of soybeans, one 
of the main raw materials of soy sauce, contain a large amount of galacturonic acid and 
are only slightly hydrolyzed by mold enzymes during the koji and moromi stages (16, 
17). These polysaccharides make up approximately 1% (w/v) of the soy sauce. Although 
it has been more than 30 years since polysaccharides such as pectic substances were first 
reported to be present in soy sauce (16, 17), their biological activities have still not been 
investigated. Therefore, here we examine the biological functions, including the antial-
lergic and immunomodulating activities of Shoyu polysaccharides (SPS) obtained from 
either the dialysate or the ethanol precipitate of raw soy sauce.

Fig. 29.1. Brewing process of soy sauce from raw materials to final product shoyu.
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29.4  ANTIALLERGIC ACTIVITY OF SPS

Allergic responses can be divided into four general categories, based on the mecha-
nism of immunological involvement (18–20). A type I allergy, which causes various 
symptoms of asthma, rhinitis, atopic dermatitis, and anaphylactic shock, is the most 
common (18–20). The pathological mechanism of a type I allergy has been explained 
as the degranulation of mast cells and the release of chemical mediators such as hista-
mine, leukotrienes, and prostaglandins from these cells (18–20). Mast cell degranula-
tion occurs in response to immunological stimuli in which the antigen-immunoglobulin 
E (IgE) antibody reaction predominates on the cell membrane (18–20).

Recently, it has been reported that many substances derived from natural plants 
and foods showed antiallergic activities in vitro and in vivo. Therefore, as a first   
screening in vitro, we examined the inhibitory effects of SPS on hyaluronidase, which 
are usually measured to evaluate the antiallergic activity (21–27). Hyaluronidase, a 
 mucopolysaccharide-splitting enzyme, has been implicated in allergic reactions, the 
migration of cancer cells, inflammation, and an increase in the permeability of the vas-
cular system (21–27). Kakegawa et al. (28–30) have reported a good correlation between 
the inhibitory effect on hyaluronidase and the release of histamine from mast cells in 
response to acidic antiallergy agents. In previous studies (21–27), extracts of vegetables, 
fruits and herbs were evaluated for inhibitory effects, and several antiallergic compounds 
were identified. Notably, in 1992, Sawabe et al. (22) showed that pectic substances such 
as those in apple and citrus inhibit both activated hyaluronidase and the release of hista-
mine from mast cells. This was the first report on the antiallergic activity of polysaccha-
rides. In 1997, it was also reported that alginic acids from brown algae have inhibitory 
effects (24). In 2004, we demonstrated that SPS from raw soy sauce have the same potent 
inhibitory effect on the activation of hyaluronidase as the antiallergic agent disodium 
cromoglycate (31). In contrast to the above pectic substances (22), interestingly, polysac-
charides prepared from heat-treated materials of soy sauce such as cooked soybeans and 
roasted wheat, have no inhibitory effects (31). Therefore, antiallergic SPS originate from 
partially degraded polysaccharides of the materials in the koji stage, and are stable even 
during the moromi stage. Soy sauce contains about 1% (w/v) SPS, the novel antiallergic 
substances similar to disodium cromoglycate (31).

Furthermore, we examined the antiallergic activities of SPS by assaying the release 
of histamine from rat basophilic leukemia (RBL-2H3) cells, which had been induced by 
the antigen. RBL-2H3 cells release histamine when exposed to various stimuli in vitro 
(32, 33), and have the same function as mast cells and basophils, which are involved in 
allergic type I reactions (22–25, 32, 34–39). SPS that inhibit hyaluronidase also signifi-
cantly inhibit the release of histamine from RBL-2H3 cells (31). The inhibitory effect 
of SPS on the release is concentration-dependent, and was estimated to be about one-
tenth that of ketotifen, an antiallergic drug (38). However, the cytotoxicity of SPS is at 
least tenfold lower than that of ketotifen (31). Therefore, SPS from soy sauce would be 
safe and is expected to act as an antiallergic seasoning for foods.

Finally, we evaluated the antiallergic effect of orally administered SPS by inducing a 
passive cutaneous anaphylaxis (PCA) reaction in the ears of mice, as an animal model 
for a type I allergy. Although many antiallergic substances inhibit hyaluronidase and the 
release of histamine from basophils or mast cells in vitro (22–25), there were no studies 
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on the effects of these substances on the PCA reaction in vivo. SPS had a significant 
suppressive effect on the PCA reaction when 12 mg/kg body weight per day was admin-
istered orally for 3 days (31). The effective concentration of SPS is lower than that of 
antiallergic substances described previously (40–43). For example, the minimum effec-
tive oral doses for suppressing the PCA reaction were reported as follows: 100 mg/kg 
of persimmon leaf extract (40), 125 mg/kg of Perilla frutescens extract (41, 42), and 100 
mg/kg of buckwheat grain extract (43). In contrast, 12 mg/kg of SPS per day 
 corresponded to only about 1 ml/kg of raw soy sauce per day (31).

29.5  IMMUNOMODULATING ACTIVITIES OF SPS

Recently, it has been reported that immunoregulatory effects are related to the 
 incidence or prevention of infectious diseases and allergies. In addition, it has been 
shown that  certain foods have a host defense function related to the immune system 
(44–47). In  particular, several polysaccharides, such as dietary fibers (48), b-glucan (49, 
50) and marine algae (51, 52), have been shown to have immunomodulatory activities.

Immunological functions are generally divided into two systems, natural and adaptive. 
In natural immunity, macrophages play diverse roles in the host defense mechanism 
against invasive insults. Their functions include the presentation of antigens to T and B 
cells, destruction of intracellular microbial pathogens, and generation and secretion of 
monokines (20). It is accepted that CD4+ T cell clones can be classified into two distinct 
populations, type 1 helper T cells (Th1) and type 2 helper T cells (Th2), based on the 
patterns of cytokine production (18, 19). Th1 cells are mainly responsible for cell-medi-
ated immunity, while Th2 cells are responsible for humoral immunity. Each subset pro-
duces cytokines for self-amplification and cross-regulation. Interferon (IFN)-g, produced 
by Th1 cells, has two functions. First, it activates macrophages, enhancing their ability 
to both phagocytize and destroy microbes. Second, it stimulates the production of immu-
noglobulin G (IgG) antibodies. Th2 cells produce interleukin (IL)-4 and IL-5. IL-4 is the 
major inducer of IgE production in B cells. Studies have pointed out the importance of 
the balance of Th1/Th2 cells in disorders such as infectious and allergic diseases (18).

In order to clarify the immunomodulatory effects of SPS in systemic immunity, we 
investigated the effect of SPS on the activation of macrophages as well as the regulation 
of the balance of Th1/Th2 cell responses in vitro and in vivo (53). SPS from soy sauce 
enhanced glucose consumption in peritoneal macrophages treated with glycogen in 
vitro, and oral administration of the SPS to mice increased the capacity of peritoneal 
macrophages to consume glucose in vivo (53). These results suggest that SPS activate 
peritoneal macrophages. It is accepted that glucose consumption increases as a result of 
the activation of macrophages at the priming stage (54). Since glucose is used to pro-
duce ATP and NADPH for the expression of active oxygen species and phagocytosis 
(49, 55), it is likely that SPS enhance the pentose phosphate pathway in peritoneal mac-
rophages. Belardelli (56) reported that all cytokines produced by Th1 cells have some 
positive role in the activation of macrophages, whereas cytokines produced by Th2 cells 
such as IL-4 exhibit suppressive effects on macrophage functions. Thus, the balance of 
Th1 and Th2 cell responses is cross-linked with macrophage function and SPS might 
directly enhance macrophages and/or cause a shift to predominantly Th1 cell responses 
in mice.
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Furthermore, it was reported that the Th1/Th2 cell response was shifted to a predomi-
nantly Th2 cell response in allergic diseases, and the production of IgE by B cells was 
thus increased in these diseases (57). Lim et al. (48) reported that pectin could alleviate 
type I allergic reactions by enhancing lymphocyte function. Shida et al. (58) and 
Fujiwara et al. (59) showed that certain lactic acid bacteria inhibited the rise in serum 
IgE levels by improving the Th1/Th2 balance. Recently, Matsushita et al. (53) 
 demonstrated that SPS from soy sauce significantly suppressed the production of IL-4 
and enhanced that of IFN-g, and thus in mice treated with SPS, there was a shift toward 
predominantly Th1 cell responses. Therefore, SPS may play a role in the suppression of 
IgE production by B cells through adaptation of the balance of Th1/Th2. In conclusion, 
SPS exerted part of their antiallergic effect through the regulation of immune function, 
and effectively enhanced both macrophage and lymphocyte function.

29.6  STIMULATORY EFFECT OF SPS ON INTESTINAL  
IMMUNE SYSTEM

The mucosal immune system in the gut has attracted much attention, and elucidation 
of the system is underway. It has become clear that the mucosal immune system in the 
gut responds differently from the systemic immune system. The intestinal tract is one 
of those internal organs that are always exposed to various kinds of pathogens and anti-
gens, including disease-causing germs, viruses, and allergens. Orally administered 
antigens interact with the gut-associated lymphoid tissue (GALT), a well-developed 
immune network that is involved not only in the protection of the host from pathogens 
but also in preventing unusual reactions to ingested proteins. This immune response is 
mainly a humoral immune response mediated by immunoglobulin A (IgA)-producing 
cells and results in the secretion of IgA which constitutes almost 80% of all the antibod-
ies produced in mucosal-associated tissue (60, 61). Mucosal IgA prevents the adhesion 
of bacteria or viruses, and reduces the absorption of food antigens in the intestine 
(62–65). Antigen uptake occurs through a specialized system represented by the M cells 
overlying Peyer’s patch (PP) (66). PP is the major site in the intestine for inducing an 
active immune response between macrophages and dendritic cells and T and B cells.

Yasui et al. (67) reported that certain lactic acid bacteria, which generate large 
 quantities of IgA, could prevent infections of the rotavirus. Recently, Matsushita et al. 
(68)  demonstrated that SPS from soy sauce enhanced IgA production in PP cells in vitro 
and in vivo. In fact, compared to that of the control group of mice, the IgA concentration 
in the intestine of the mice that were fed SPS was significantly higher. These results 
suggest that SPS enhance IgA production through the stimulation of the intestinal 
immune system and that SPS could be expected to prevent allergic reactions by interfer-
ing with the absorption of allergens and microbial infections. As mentioned above, SPS 
exhibit strong antiallergic activities, and this effect was exerted through the Th1/Th2 
balance. Together with previous findings, these results confirm that SPS effectively 
enhance not only the systemic immune system but also the mucosal one and provide 
new insight into the physiological role of SPS.

Furthermore, Matsushita et al. (68) evaluated the absorption of SPS to epithelial cells 
using a Caco-2 cell model. It has been reported that Caco-2 cells undergo spontaneous 
differentiation in culture and exhibit the characteristics of mature enterocytes by 
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 forming polarized monolayers with a brush border and functionally competent tight 
junctions (69). Caco-2 cells can serve as a screen since compounds with high permea-
bility in this model are typically well absorbed in vivo (70). Using this model, it was 
shown that SPS might be transported across cell monolayers because the intestinal 
absorption of uronic acid occurred and digested SPS were distributed within the body.

29.7  CLINICAL STUDIES ON SPS

Allergic rhinitis is a common allergic disease in industrialized nations, characterized 
by sneezing, watery rhinorrhea, itching in the nose, eyes, and palate, and nasal conges-
tion (71). In many instances, patients also experience headaches and fatigue, with a 
significant effect on their quality of life (QOL). Recently, the incidence of both peren-
nial allergic rhinitis (PAR) (72–77) and seasonal allergic rhinitis (SAR) (78–83) has 
been increasing worldwide, leading to a marked increase in direct and indirect treatment 
costs. Antihistamines reduce allergic symptoms but can cause nervousness, irritability, 
dizziness, and sleepiness. So, many allergic patients desperately desire the development 
of safe dietary components not having side effects.

Despite steady advances in conventional therapies for allergic symptoms, natural 
products such as phytochemicals and herbal extracts have been widely used by consum-
ers as alternatives to prescription drugs without definitive clinical evidence. However, 
few placebo-controlled clinical trials have examined the efficacy and safety of these 
natural products. In randomized, double-blind, placebo-controlled clinical studies of 
PAR using an 11-herb mixture (Biminne) (74), and SAR using grapeseed extract (80), 
Perilla frutescens extract (82), and a Chinese herbal medicine (containing 18 herbs) 
(81), it was demonstrated that Biminne, the P. frutescens extract, and the Chinese herbal 
medicine are significantly effective, but grapeseed extract is not effective. Therefore, we 
determined whether oral supplementation of SPS is an effective intervention for patients 
with PAR (84) and SAR (85). Recently, it was reported that polysaccharides derived 
from black currant improved the symptoms of Japanese cedar pollinosis in a rand-
omized double-blind, placebo-controlled study (83).

29.8  IMPROVEMENT OF ALLERGIC SYMPTOMS  
OF PATIENTS WITH PAR

PAR causes major discomfort in affected patients, seriously degrades work and learn-
ing performances as well as quality of sleep, and has perturbing physical, psychological, 
and social consequences (72–77). Therefore, effective management should be directed not 
only toward rapid and adequate relief of the clinical symptoms but also toward a sustained 
improvement in the patients’ daily living. QOL is a concept comprising physical and 
psychological characteristics that can be used to assess problems in the social aspect of a 
person’s lifestyle. Generic questionnaires make it possible to measure these factors.

In a 4-week randomized, double-blind, placebo-controlled parallel group study (84), 
patients with PAR were treated with 600 mg of SPS (n  =  11) or a placebo (n  =  10) each 
day. After 4 weeks of treatment with SPS, symptom scores for runny nose, sore throat, 
and itchy eyes significantly decreased from the baseline within the group (p  <  0.05), but 
no changes in these scores were observed after 4 weeks of treatment in the placebo group 
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(84). The total symptom score, calculated from the sum of individual scores, showed a 
significant difference between the two groups after 4 weeks of treatment (p  <  0.05).

29.9  IMPROVEMENT OF ALLERGIC SYMPTOMS  
OF PATIENTS WITH SAR

SAR also causes major discomfort in affected patients, for example, in Japan, those 
with an allergy to Japanese cedar (Cryptomeria japonica) pollen in spring (78–83). 
SAR may occur at any age and affects between 10% to 30% of children (78). SAR is 
episodic and can cause fatigue, absenteeism, and irritability, adversely affecting the 
child’s adjustment and achievement in school (78). Furthermore, children with SAR 
may subsequently develop PAR (78).

In an 8-week randomized, double-blind, placebo-controlled parallel group study 
(85), patients with SAR due to Japanese cedar pollen were treated with 600 mg of SPS 
(n  =  25) or a placebo (n  =  26) each day. After 4 weeks of treatment with SPS, scores 
of symptoms such as sneezing, nasal stuffiness, and hindrance in daily life were signifi-
cantly different (p  <  0.05) from those in the placebo-treated groups (85). The total 
symptom score, calculated from the sum of individual scores, showed a significant dif-
ference (p  <  0.05) between the two groups after 4–8 weeks.

In two double-blind placebo-controlled clinical studies (84, 85), the patients with 
PAR received SPS after past sensitization with allergens (84), whereas the patients with 
SAR due to Japanese cedar pollen received it before sensitization with the allergens 
(85). It was demonstrated that SPS significantly improved the QOL of patients with 
PAR and SAR, making it clear that the oral supplementation of SPS is effective for both 
the therapeutic and preventive treatment of allergies. However, SPS did not affect levels 
of histamine, specific IgE, and Th1/Th2 in serum, which is not consistent with the find-
ings of an animal study (31). The discrepancy might be explained in part by differences 
in species, allergen, or period of SPS administration. Furthermore, routine blood tests, 
including complete blood cell counts, hepatic and renal function tests, and concentra-
tions of proteins and lipids, showed the safety of SPS at a daily dose of 600 mg for 8 
weeks (85). The SPS supplementation (600 mg of SPS per day) corresponded to 60 ml 
of soy sauce per day. This alternative treatment with SPS originating from Japanese soy 
sauce might reduce therapy costs for allergic diseases.

29.10  CONCLUSIONS AND PRESPECTIVES

In the brewing of soy sauce, proteins of the raw materials are completely degraded 
into peptides and amino acids by microbial proteolytic enzymes after fermentation, and 
no allergens remain. In contrast, degraded polysaccharides from the cell wall of soy-
beans, termed SPS, are resistant to enzymatic hydrolysis, and are found in soy sauce 
even after fermentation. We have demonstrated that SPS have potent antiallergic activi-
ties in vitro and in vivo, and the oral supplementation of SPS was an effective interven-
tion for patients with allergic rhinitis in two double-blind placebo-controlled clinical 
studies. Furthermore, we have found that SPS have a regulatory effect on both the bal-
ance of Th1/Th2 cell responses and the intestinal immune system. From these results, 
the immunological functions of SPS are summarized in Fig. 29.2. Recently, we 
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 demonstrated that SPS enhanced the absorption of iron and reduced elevated levels of 
triacylglycerol in animal and human studies (86, 87). Therefore, soy sauce is a poten-
tially promising functional food.
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30 Cinnamon and Immune Actions: 
Potential Role in Tristetraprolin-
Mediated Inflammatory Diseases

Heping Cao

Key Points

Inflammatory diseases place a heavy burden on the American health care system.•	
Tristetraprolin, a zinc-dependent mRNA binding protein decreases the stability of •	
mRNAS coding for some proinflammatory cytokines.
Tristetraprolin-deficient mice develop a profound inflammatory syndrome.•	
Tristetraprolin is a potential cancer therapy due to its control of vascular endothelial •	
growth factor mRNA stability.
Cinnamon extract stimulates the expression of antiinflammatory tristetraprolin.•	
Bioactive compound(s) in cinnamon extract define its molecular mechanisms.•	
Cinnamon is potentially important in tristetraprolin-mediated inflammatory diseases.•	

Key Words: Cancer, cinnamon, immunity, inflammation, insulin, macrophage,  obesity, 
tristetraprolin.

30.1  INTRODUCTION

Inflammation and associated diseases have placed a heavy burden on the American 
health care system. Drug treatment for reducing inflammation and related diseases has 
not been satisfactory. Complementary and alternative approaches need to be evaluated. 
Bioactive plant extracts have historically been used as alternative medicines for the 
prevention, alleviation, and cure of various diseases. The mechanisms of how bioactive 
plant extracts work are poorly understood due in part to the lack of knowledge in the 
structures of bioactive components in most of the extracts.

Anti-inflammatory activities are proposed to play an important role in the media-
tion of various health conditions by these alternative therapies; however, the 
 anti-inflammatory mechanisms are not completely understood. Recent results  indicate 
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that tristetraprolin (TTP1) is an anti-inflammatory protein that binds to the  unstable 
elements of mRNAs coding for inflammation-related factors such as tumor necrosis 
factor-alpha (TNF-a), granulocyte-macrophage colony-stimulating factor (GM-CSF), 
cyclooxygenase-2 (COX2), and some interleukins (ILs) mRNAs, and decreases their 
stability. The mRNA binding and destabilizing activities of TTP are zinc-dependent 
and regulated by phosphorylation. TTP-deficient mice develop a severe inflammatory 
syndrome with arthritis, autoimmunity, cachexia, dermatitis, and myeloid hyperpla-
sia. The expression of TTP is reduced in fats of obese people with the metabolic 
syndrome and the brains of suicide victims. TTP is also proposed as a molecular tar-
get for cancer therapy due to its control in vascular endothelial growth factor (VEGF) 
mRNA stability.

Cinnamon extract (CE), like insulin, stimulates TTP gene expression in mouse adi-
pocytes. Unlike insulin, CE also stimulates TTP expression in mouse macrophages. 
Given the importance of TTP in biology and diseases, and the benefits of cinnamon, it 
is important to identify the bioactive compound(s) in this botanical extract. This chapter 
reviews the biological, medical, and nutritional significance of TTP, and the potentials 
of cinnamon in TTP-mediated inflammatory diseases.

30.2  TRISTETRAPROLIN IS AN ANTI-INFLAMMATORY PROTEIN

TTP, or zinc-finger protein 36 (ZFP36), is an anti-inflammatory protein. TTP defi-
ciency in knockout mice causes a complex inflammatory syndrome with arthritis, 
autoimmunity, cachexia, dermatitis, and myeloid hyperplasia (1, 2). This is largely due 
to excessive production of TNF-a and GM-CSF from the corresponding mRNAs that 
are normally degraded after binding TTP, but stabilized and persistent in cells from TTP 
knockout mice (3, 4). Transforming growth factor-beta (TGF-b) is a pleiotropic cytokine 
that plays a critical role in modulating immune response and inflammation. TTP expres-
sion is upregulated by TGF-b, suggesting a potential role of TTP in mediating the 
immune suppressive action of TGF-b in vivo (5).

30.3  TRISTETRAPROLIN IS A ZINC-DEPENDENT  
mRNA BINDING AND DESTABILIZING PROTEIN

TTP is a zinc-binding protein with two zinc-finger binding motifs (6, 7). The 
biochemical function of TTP is binding to AU-rich elements (AREs) with high 
binding specificity for class II AREs within the 3¢-untranslated regions of mRNA 
molecules (3, 4, 8–15). The binding of TTP to AREs results in the subsequent 
removal of the poly(A) tails and degradation of the RNA bodies (3, 13). Most of the 
TTP-targeted mRNAs identified so far code for proinflammatory factors such as 
TNF-a (3, 10, 11, 13), GM-CSF (4), COX2 (16, 17), IL2 (18), IL3 (14), IL8 (19), 
IL10 (20), cytokine signaling 3 (21), E47 (22), and plasminogen activator inhibitor 
type 2 (23).

The mRNA binding activity of TTP is dependent on zinc. The removal of zinc 
from binding reaction mixtures destroys TTP’s ability to bind to TNF-a mRNA 
ARE (10, 11). TTP mRNA and protein are detected in a number of tissues including 
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spleen, thymus, lymph node, lung, liver, and intestine (24, 25). The expression lev-
els of TTP mRNA and protein in mammalian cells are increased in response to 
several kinds of stimuli, including insulin and other growth factors, and in response 
to stimulators of innate immunity, such as the bacterial endotoxin lipopolysaccha-
ride (LPS) (24, 25).

30.4  TTP IS A LOW-ABUNDANCE, INDUCIBLE, CYTOSOLIC,  
AND HYPER-PHOSPHORYLATED PROTEIN

TTP is a hyper-phosphorylated protein in extraordinarily low abundance and is 
inducible, stable, and cytosolic (10–12, 24, 26). We have produced high-titer antibodies 
and used them successfully in characterizing the patterns of TTP expression in mouse 
tissues and cells. TTP is a very low-abundance protein in normal mouse tissues (24); 
however, it is induced several hundredfold by LPS in mouse RAW264.7 cells (Fig. 30.1) 
and in the rat spleen (24).

TTP is phosphorylated extensively in vivo (11, 24, 26) and is a substrate for mul-
tiple protein kinases (10, 11, 27). We have identified multiple phosphorylation sites 
in mammalian TTP by mass spectrometry and site-directed mutagenesis; some of 
which are predicted by motif scanning to be phosphorylated by several protein kinases 
(7, 26, 28).

30.5  TRISTETRAPROLIN IS ASSOCIATED WITH CANCER

TTP is widely present in human cancer cell lines (11, 29). TTP binds to the 
3¢-untranslated region of COX2 mRNA in human colorectal adenocarcinoma cell lines 
(16). Recent studies provide evidence that VEGF, an angiogenic cytokine, is a target 
of TTP (19, 30). These studies suggest that TTP is a new target for antiangiogenic 
therapies. VEGF has been proposed as the most important regulator of physiological 
and pathological angiogenesis (31). VEGF mRNA level is regulated by hypoxia, 
growth factors and hormones through both transcriptional and posttranscriptional 
mechanisms. VEGF mRNA has a short half-life and its abundance is regulated by 
stabilizing proteins HuR (32) and hRNP-L (33) and destabilizing proteins such as TTP 
and its family members (34), which bind to the 3¢-untranslated region of VEGF 
mRNA. TTP binds to VEGF mRNA 3¢-untranslated region and plays a key role by 
inducing VEGF mRNA degradation (30). TTP decreases RasVal12-dependent VEGF 
expression and the development of vascularized tumors in nude mice (30). TTP is 
ubiquitously expressed in the tissues and cell lines of primary malignant glioma (a 
highly aggressive tumor of the central nervous system) (19). Conditional over expres-
sion of TTP as a transgene in malignant glioma cells leads to RNA destabilization of 
IL8 and VEGF and down-regulation of IL8 and VEGF protein production. In vivo 
RNA binding indicates a shift of mRNA toward ectopic TTP and away from endog-
enous HuR. The biochemical phenotype is associated with a decrease in cell prolifera-
tion, loss of cell viability, and apoptosis (19). Taking together, these results suggest 
that TTP represents a novel antiangiogenic and antitumor agent acting through its 
destabilizing activity on VEGF mRNA.
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30.6  TRISTETRAPROLIN EXPRESSION IS REDUCED IN FATS  
OF OBESE PEOPLE WITH THE METABOLIC SYNDROME

Several lines of evidence suggest that TTP is involved in obesity. First, TTP mRNA 
levels are four to fivefold lower in visceral fat of obese people with the metabolic syn-
drome compared to those without the metabolic syndrome (35). Second, TTP gene is 
located in regions of linkage for the metabolic syndrome (35). Third, TTP mRNA levels 
in visceral adipose tissue in women are negatively correlated with fasting insulin levels, 
the insulin resistance index, and 2-h postglucose insulinemia, and positively correlated 
with adiponectinemia, suggesting that TTP gene expression in omental adipose tissue 
may contribute to partial protection against the development of insulin resistance and 
diabetes (36). Finally, TTP is abundantly expressed and increased by insulin in mouse 

Fig. 30.1. TTP is a extraordinarily low-abundance protein that is inducible and cytosolic in mammalian 
cells. (a) Induction of TTP in RAW macrophage cells. Cells were treated with LPS (0.1 mg/ml) or PBS 
for 3 h, then fixed and stained with either the anti-MBP-mTTP serum (I) or preimmune serum (PI). 
(b) Cytosolic localization of TTP in RAW cells. Cells were stimulated with LPS (0.1 mg/ml) for 2 h 
and stained with anti-MBP-mTTP serum. Serial optical sections of the same cell were collected at 0.5 
mm intervals. (c) Time-course of TTP induction in RAW cells. Cells were stimulated with LPS (0.1 
mg/ml) for 0, 2, 3, and 5 h as indicated and stained with anti-MBP-mTTP serum. (d) TTP 
immunostaining during cell division in RAW cells. Unstimulated cells were stained with the anti-
MBP-mTTP serum. Immunoreactive TTP was visible in the cytoplasm of the dividing cell indicated 
by the arrowheads in (d1), whereas no cytoplasmic staining was visible in the other cells in the field. 
A light microscopic image of the same field of cells is also shown (d2).
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3T3 fibroblasts over expressing normal human insulin receptors (25) and 3T3-L1 
 adipocytes (37, 38), and induced by fetal bovine serum and differentiation mixtures dur-
ing the differentiation of preadipocytes (39). These studies suggest that TTP may be an 
important factor for the physiological control of obesity-associated metabolic disorders.

30.7  TRISTETRAPROLIN EXPRESSION IS REDUCED  
IN BRAINS OF SUICIDE VICTIMS

TTP is potentially involved in normal brain activity because TTP gene expression is 
reduced in the brains of suicide victims. The cause of suicidal behavior is multifactorial, 
involving multiple genes, environmental factors, and gene-environment interactions. 
Thalmeier et al. studied the transcriptomic expression profile of postmortem brain tissue 
of suicide victims to identify new candidate genes and biological patterns for suicidal 
behavior (40). The authors analyzed the expression of over 23,000 mRNAs in postmor-
tem orbitofrontal cortex tissue derived from 11 suicide victims and 10 nonpsychiatric 
controls. 124 transcripts are significantly changed with 59 underexpressed and 65 over-
expressed in the suicide group (40). Both microarray and quantitative RT-PCR assays 
show that TTP gene expression is reduced by approximately twofold in postmortem 
orbitofrontal cortex of violent suicide victims (40). These results suggest that reduced 
TTP expression is involved in the pathophysiology of suicide.

30.8  TRISTETRAPROLIN IS ASSOCIATED WITH BLOOD PRESSURE

Microarray and function studies show that immediate-early response gene 3 mRNA 
turnover is decreased in cells derived from TTP-knockout mice (41). Since immediate-
early response 3 protein is related to the regulation of blood pressure, TTP is therefore 
potentially involved in this important process.

30.9  TRISTETRAPROLIN EXPRESSION IS INCREASED  
BY MICRONUTRIENTS

The micronutrient, zinc (Zn), is the first metal shown to regulate TTP gene expres-
sion in mammalian cells. TTP gene expression is markedly increased by 50–100 mM 
ZnSO

4
 in intact TK-L cells within 1 h, reached peak levels in 4 h, and remained constant 

to 12 h (42). Similar Zn effects are reported in Swiss 3T3 fibroblasts, primary mouse 
embryonic fibroblasts, H4 cells, normal human skin fibroblasts, and 1321-N1 human 
astrocytoma cells (42). TTP gene expression is also increased in liver, lung, kidney, and 
brain of mice 3 h after injection of ZnSO

4
 (50 mg/kg) but not in mice after the consump-

tion of 50 mM ZnSO
4
 in water for 14 days (42). TTP gene expression is also increased 

by 50–100 µM CdCl
2
 and AgNO

3
 in TK-L1 cells (42).

Microarray and quantitative PCR technologies were used to investigate Zn respon-
siveness of known genes that influence Zn homeostasis and to identify genes that may 
relate to phenotypic outcomes of altered dietary Zn intake (43). Human monocytic/
macrophage THP-1 cells were either acutely Zn depleted, using a cell-permeable 
Zn-specific chelator or were supplemented with Zn to alter intracellular Zn concentra-
tions. Microarrays composed of approximately 22,000 elements were used to identify 
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those genes responsive to either Zn depletion, Zn supplementation, or both conditions. 
Approximately 5% or 1,045 genes are Zn responsive. Among them, 104 genes respond 
to Zn linearly in a positive mode (i.e., increased expression as cellular Zn increases). Of 
the 104 genes in this group, TTP is the most Zn-responsive gene and its expression 
exhibits a 14-fold reduction in Zn-depleted cells and approximately twofold increase in 
Zn-supplemented cells (43).

30.10  INSULIN INCREASES TTP AND DECREASES VEGF GENE 
EXPRESSION IN ADIPOCYTES

Insulin was shown to increase TTP mRNA levels in HIR3.5 preadipocytes (25) and 
during the differentiation of preadipocytes (39). TTP mRNA is also rapidly induced in 
adipocytes by 10 and 100 nM insulin treatment, with a 30-min induction resulting in an 
approximately five- and sevenfold increase over the control, respectively (38). TTP 
protein is barely detected in untreated cells, but is significantly induced by 10 and 100 
nM of insulin treatment for 3 h (38). In contrast, ZFP36L1 (a TTP homologue) protein 
levels are not significantly affected by insulin treatment using ZFP36L1 antibodies 
produced with the method similar to that for TTP antibodies (24, 38, 44).

To test the functional consequences of elevated TTP protein levels in mouse adi-
pocytes, RT-PCR was used to screen the expression of 42 other genes in insulin-treated 
adipocytes (38). VEGFA mRNA levels are decreased approximately 30–50% by 10 and 
100 nM insulin treatments for 30–120 min (38), and that VEGFB mRNA levels are also 
significantly decreased by the same treatments (38). VEGF mRNAs code for VEGF, a 
proangiogenic factor important for the development of obesity (45, 46) and cancers 
(47), whose stabilities are known to be destabilized by TTP family proteins in cancer 
cells (19, 30, 34).

30.11  CINNAMON EXTRACT, LIKE INSULIN, INCREASES TTP  
AND DECREASES VEGF GENE EXPRESSION IN ADIPOCYTES

Cinnamon and other spices including cloves, turmeric, and bay leaves have insulin-
like activity in vitro (48), and are proposed to be effective in the treatment of diabetes 
(49). However, not all studies have reported positive effects of cinnamon in patients 
with diabetes (50, 51). This discrepancy may be due to the selection of patients, level 
of glucose control, oral hypoglycemic agents, and/or diet or type of cinnamon used.

We prepared a water-soluble CE and HPLC-purified cinnamon polyphenols (CP) 
from CE (52). The structure of a trimer is shown in Fig. 30.2a. These polyphenols have 
been shown to be absorbed (53) and to increase the activity and sensitivity of insulin 
(37, 52, 54, 55). Microscopic observation indicated that approximately 80–90% of the 
differentiated mouse 3T3-L1 fibroblasts cells accumulated lipid drops (an indication of 
differentiation from preadipocytes to adipocytes) (Fig. 30.2b). The cells were serum-
starved for 3–4 h before treatments.

TTP mRNA levels in 10 and 100 mg/ml CE-treated adipocytes are up to two- and 
sixfold, respectively, those of the controls (37). TTP protein is barely detected in 
untreated cells but is significantly induced by 10 and 100 mg/ml of CE in 3T3-L1 adi-
pocytes after 3 h treatment (37). The purified CP at 10 and 100 mg/ml also increases the 
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amount of TTP in the adipocytes after 3 h treatment. Higher concentrations of CE and 
CP treatments result in more TTP in the adipocytes (37).

30.12  CINNAMON EXTRACT, UNLIKE INSULIN, INCREASES TTP 
GENE EXPRESSION IN MACROPHAGES

Mouse RAW264.7 macrophages are widely used as a cell model for inflammation 
research. TTP gene expression has been investigated extensively using this cell line 
(24, 56). TTP protein is rapidly induced by LPS and accumulated in the cytosol of 
these cells (24, 57). We utilized this model to evaluate the effect of CE on TTP gene 
expression in RAW macrophages (58). CE rapidly increases TTP mRNA levels in 
mouse RAW cells. TTP mRNA levels in cells treated with 100 mg/ml CE for 30–240 
min are 150–200% of those in the corresponding controls (Fig. 30.3a). Insulin does not 
exhibit any significant effect on TTP mRNA levels in RAW cells (Fig. 30.3a). LPS 
possesses a much more potent effect on TTP gene expression in RAW cells. TTP 
mRNA levels in cells treated with 0.1 mg/ml LPS for 30–240 min are 9–39-fold of the 
controls, respectively (Fig. 30.3b).

TTP protein is increased in cells treated with 100 mg/ml CE for 90–180 min (Fig. 
30.3c, lanes 6–8). LPS increases TTP protein levels in RAW cells much earlier and 
with a greater magnitude than CE induction (Fig. 30.3c, lanes 9–14). However, TTP 
protein levels are below detection in cells treated with insulin for the same length 
of time (58).

Fig. 30.2. Cinnamon polyphenol and differentiated adipocytes. (a) The structure of a CP purified 
from CE. The CP structure was determined as a doubly linked procyanidin type-A polymer by nuclear 
magnetic resonance, mass spectroscopy, and infrared spectroscopy as described (52). (b) Differentiated 
mouse 3T3-L1 adipocytes (37).
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Further analyses showed that: (1) CE induces TTP gene expression more rapidly than 
those of proinflammatory cytokine mRNAs encoding TNFa, COX2, and IL6 in mouse 
macrophages; (2) the net increases of TTP mRNA levels are larger than those of proin-
flammatory cytokines; (3) CE increases more GLUT1 gene expression than LPS; and 
(4) CE effects on the expression pattern of these genes are different from those of LPS 
in RAW macrophages during the initial treatment (58). These results indicate that CE is 
capable of affecting inflammatory responses by regulating anti- and proinflammatory as 
well as the major GLUT gene expression in macrophages.

Fig. 30.3. CE and LPS, but not insulin, increased TTP mRNA and protein levels in RAW macrophages. 
(a) DMSO control versus CE and insulin treatments on TTP mRNA levels. (b) DMSO control versus 
LPS treatments on mRNA levels. Total RNAs were isolated from RAW cells treated with DMSO 
(0.1%), insulin (100 nM), CE (100 mg/ml), and LPS (0.1 mg/ml) for 30–240 min. Values with different 
lower and upper case letters displayed above the columns of the figure are significantly different at 
p  <  0.05 or p  <  0.01, respectively. (c) DMSO control versus CE and LPS treatments on TTP protein 
levels. Proteins were separated by 10% SDS-PAGE. TTP was detected by immunoblotting with anti-
MBP-TTP serum (24). Lane 1, DMSO control; lanes 2–8, CE treatment; lanes 9–14, LPS treatment 
(100 mg of protein/lane) (58).
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30.13  CONCLUSIONS AND PERSPECTIVES

Diet and lifestyle play major roles in disease prevention. The consumption of a nutri-
tious diet is important for maintaining long-term health and decreasing the risk of 
chronic diseases. Research is urgently needed to determine dietary means, including 
consumption of bioactive food components that may alleviate or prevent diseases; how-
ever, there is a lack of sound evidence at the molecular level to support this practice.

Cinnamon extract (CE) exhibits insulin-like activity in cells, animals, and people with 
type 2 diabetes (49, 54, 55, 59–62). This is supported by several lines of evidence includ-
ing (1) CE increases glucose metabolism in a fat cell assay (52); (2) CE increases insulin 
receptor b auto-phosphorylation and decreases tyrosine phosphatase activity in vitro 
(54); (3) CE increases glucose uptake and glycogen biosynthesis, activates glycogen 
synthase, and inhibits glycogen synthase kinase-3b (55); (4) CE potentiates in vivo 
insulin-regulated glucose utilization in rats fed a high-fructose diet (60); (5) CE decreases 
serum glucose levels and increases insulin in rats (62) and decreases blood pressure (59); 
(6) cinnamon powder decreases the levels of glucose, triglycerides, and LDL cholesterol 
in people with type 2 diabetes (49, 63); and (7) CE, like insulin (38), increases TTP 

Fig. 30.4. A model that links cinnamon extract, insulin, TTP, and cytokines to inflammation and 
associated diseases. Like insulin, CE increases TTP gene expression in mouse adipocytes. However, 
unlike insulin, CE also increases TTP gene expression in mouse macrophages. The detailed evidence 
is described in the text (“+” represents positive effect and “−” represents negative effect). The model 
is modified from Cao et al. (37, 64, 65).
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expression in mouse adipocytes (37, 38). However, unlike insulin, CE also increases TTP 
expression in mouse macrophages (58). Based on these results, we have proposed a 
model to link cinnamon polyphenols, insulin, TTP, and cytokines to inflammatory dis-
eases and inflammation in a wide variety of related diseases (Fig. 30.4). More detailed 
studies are required to fully understand the health benefits of CE.
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31 Immunotoxicology and Foods

Rodney R. Dietert and Janice M. Dietert

Key Points

Foods play important roles in determining both the risk of immunotoxicity and •	
the potential for adverse health outcomes linked to immunotoxicity-based immune 
dysfunction.
Foods (1) can be a source of immunotoxicity-inducing contaminants and endogenous •	
chemicals, (2) can protect against some immunotoxicants, and (3) can correct or 
repair some forms of immune damage. In this chapter, we discuss each of the aspects 
that connect foods with immunotoxicology.

Key Words: Foods, immune dysfunction, developmental immunotoxicity, inflam-
maging, disease matrix, immunomodulation, contaminants, nutraceuticals.

31.1  INTRODUCTION

Immunotoxicology can be defined as immune system effects that result from expo-
sure to chemicals and drugs, biological materials, physical factors (such as ultraviolet 
and ionizing radiation), medical devices, and additional physiological factors, collec-
tively referred to as agents (1). It is important to recognize that immunotoxicity and 
immunosuppression are not synonymous. Immunosuppression is only one of many dif-
ferent adverse outcomes that can result from immunotoxicity. In fact, any condition in 
the environment that leads to significant deviation from a normal and balanced immune 
response capability is considered to be immunotoxicity.

Immunotoxicity is just as likely to appear as inappropriately enhanced immune 
responses as it is to appear as suppressed immune responses. It is the enhanced responses 
that are associated with many of the diseases of growing concern today (e.g., allergies, 
autoimmune and inflammatory diseases). In fact, most of the best characterized immu-
notoxicants (e.g., dioxin, lead, mercury, tobacco smoke) do not produce a single type of 
adverse outcome. Instead, they produce immunosuppression for some types of 
responses, immune enhancement for other responses, and misregulated inflammation 
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during microbial or tumor challenge. The latter often produces collateral damage and 
disease affecting the respiratory, neurological, cardiovascular, gastrointestinal, and 
hepatic systems.

The variety of immune dysfunction produced by environmental insults increases the 
risk of a wide variety of diseases affecting virtually every tissue and organ of the body. 
These diseases include not only those most obviously connected to the immune system 
(allergy, autoimmunity, leukemia, repeated infections) but also those more recently 
identified as connected to immune insult and dysfunction (inflammatory bowel disease, 
lung cancer, Parkinson’s disease) and chronic inflammation (atherosclerosis, myalgic 
encephalomyelitis). In fact, many of the diseases that were originally labeled under a 
“systems” medical heading (neurological, cardiovascular, endocrine, reproductive) are 
increasingly recognized as having immune dysfunction as part of their basis (2).

Recently, the emphasis on immunotoxicity and health risks has shifted to a focus on 
early life environmental factors that influence later-life health risk (3) and even longev-
ity (4, 5). The epigenetic control of inflammation appears to be a significant piece in 
determining healthy aging (6). Therefore, it is not surprising that many adult and geri-
atric diseases have their basis in early-life immune insult and dysfunction (7–9).

Life-long patterns of diseases have been identified that are connected to early life 
immune dysfunction (10). Many entry diseases such as atopic dermatitis, asthma, 
Kawasaki disease, type 1 diabetes, recurrent infections, pediatric celiac, inflammatory 
bowel disease, and multiple sclerosis arise during childhood or in the young adult. But 
despite the seriousness of these initial immune-based diseases and conditions, they are 
often merely the first in a progressive sequence of lifelong health challenges (10). 
Environmental risk factors that promote the underlying early-life immune dysfunction 
can serve both as causes and triggers of these immune-based diseases (11).

The reason that foods are such an important consideration for immunotoxicity and 
 disease is that among the spectrum of environmental risk factors for the immune system, 
foods represent one of the most readily controllable sources of immunomodulatory factors. 
While foods can impact immune status at all life stages, attention to foods early in life can 
reduce the risk of pediatric immune dysfunction and immune-based diseases (12–14). Such 
management interventions are likely to pay health dividends in the adult (7, 15).

31.2  HOW FOODS AFFECT IMMUNOTOXICITY  
AND IMMUNE-MEDIATED DAMAGE

Foods, or more accurately the integral chemical constituents and contaminants of foods, 
can affect immunotoxicity in at least four different ways. First, food-associated chemicals 
can be immunotoxic with the capacity to damage the developing or fully-matured immune 
system. Examples of food-based exposure to immunotoxicants in the human population 
include exposure to aflatoxin (16), alcohol (17), methyl mercury (18) and PCBs (19).

Other food components have the potential to counteract the effects of  immunotoxicants. 
This can happen in at least three different ways: (1) Some foods have factors that protect 
the immune system against specific immunotoxic insult. These foods contain com-
pounds that are able to prevent or minimize exposure of the target immune system to 
orally-ingested immunotoxicants. Food constituents either prevent the toxicant from 
reaching the immune cells or tissues or prohibit critical molecular interactions between 
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the toxicant and the immune cells avoiding immune damage. Chemicals in food such as 
zinc, glutamine, polyphenols, and flavonoids like quercetin not only aid immunity but 
also provide a “barrier effect” for epithelial cells in which cells are more protected 
against some toxicants (20). (2) Various nutraceuticals and functional foods contain 
chemicals that can reverse some of the immune dysfunction that results from environ-
mental insult (21, 22). The chemicals act through their specific immunomodulatory and 
anti-inflammatory activities enabling these foods and food supplements to  provide 
direct repair of the immune system long after the initial toxic insult has occurred. (3) 
Finally, chemicals in foods may affect the adverse health outcomes of immunotoxicity 
by repairing tissues damaged by the dysfunctional immune system. For example, take a 
scenario where immunotoxicity produced misregulated inflamamation and this led to 
hepatic glutathione depletion as the front line problem for liver damage. Specific foods 
may be able to restore glutathione levels to normal levels, even if they do not affect the 
immune dysfunction. These foods may minimize the health risk of immunotoxicity 
even if they did not act directly on the immune system. Figure 31.1 illustrates two 
 examples of the induction of immunotoxicity by food contaminants (2,3,7,8, tetrachlo-
rodibenzo-p-dioxin and the heavy metal, lead). Examples are also shown of suggested 
inhibition of the pathways leading to immunotoxicity or potential correction of the 
adverse effects of immunotoxicity by chemicals in foods.

31.3  HOW FOODS AFFECT PATTERNS  
OF IMMUNE-DYSFUNCTION-LINKED DISEASE

Immune dysfunction resulting from exposure to immunotoxicants including those 
found in foods can elevate the risk of infectious disease, cancer, autoimmunity, allergic 
disease, and inflammatory conditions. By themselves, these are serious conditions and 
several are life threatening. Others severely impact family economics and individual 
quality of life. In fact, immune dysfunction-based diseases affect more than a quarter of 
all children in developed countries (10). But it is important to recognize that the under-
lying immune dysfunction can contribute to extensive disease comorbidity. Often a 
primary immune-based disease is only the tip of the iceberg when it comes to the life-
time of environmentally induced health risks. The original immune insult and/or rami-
fications of the primary disease can lead to secondary diseases and conditions that may 
not be as obviously linked to a common immune dysfunction (10).

A matrix or pattern of immune-based diseases includes later-life diseases that com-
monly arise after a pediatric immune-based disease has been diagnosed. For example, 
many  diseases associated with misregulated inflammation and aberrant proinflamma-
tory cytokine production lead to a higher risk of clinical depression (23, 24). 
Additionally, reduced  sensory function (hearing loss and loss of taste) is often a later 
outcome of certain auto immune and inflammatory conditions (25, 26). Tissue-focused 
immune problems that feature chronic inflammation (such as in asthma and inflamma-
tory bowel disease) can contribute to an elevated risk of later-life cancer in the affected 
tissue (27, 28). In fact, the entire issue of misregulated inflammation, later life “inflam-
maging” and adult inflammatory-based disease is probably most easily addressed prior 
to disease onset before immune imprinting (7) has been established (e.g., during early 
childhood).
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Fig. 31.1. The diagram depicts the range of interactions between foods and immunotoxicity. 
Chemicals in foods can both cause and protect against immunotoxicity. Two examples of  immunotoxic 
contaminants of foods [2,3,7,8,tetrachlorodibenzo-p-dioxin (TCDD) and the heavy metal Pb (lead)] 
are illustrated at the top of the flow chart. Inappropriate exposure to these toxicants via food (as well 
as other routes) can result in immune dysfunction and/or tissue damage. However, other chemicals 
found in foods including nutrients, nutraceuticals, and components of functional foods have been 
reported to inhibit one or more steps in the pathways leading to immunotoxicity and tissue damage. 
Some examples of these are illustrated. The “X” symbol is used to indicate probable points of 
 inhibition along pathways of immunotoxicity.

This is an area where foods are likely to play a critical role. Obviously, prevention of 
the underlying immune dysfunction through healthier management of the baby’s envi-
ronment is the best strategy whenever possible. But once an immune-based disease such 
as childhood asthma or type 1 diabetes is diagnosed, foods should be used intelligently 
as part of the strategy to minimize the risk of an allergy or autoimmune web of multiple 
diseases. Often, the initial pediatric diseases can be successfully managed. But effective 
use of foods for (1) correcting the underlying immune dysfunction and/or (2) preventing 
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the secondary immune-linked diseases within a web are likely to be the determining 
factors of adult longevity and quality of life.

Using dietary components to optimize immune function is discussed throughout the 
chapters of this book. The take-home message from this current chapter is that even 
single toxicant exposures, particularly if they are in early life, are capable of promoting 
a lifetime of immune-based diseases. Foods provide an excellent opportunity to break 
an immune dysfunction cycle and to minimize the risk of the diseases that may emerge 
as the individual ages.

31.4  AGE-RELATED AND GENDER-SPECIFIC CONSIDERATIONS

Among the important considerations of foods and risk of immunotoxicity are the 
 factors of age and sex. For virtually all comparisons to date, including those that are food-
born, the developing immune system is more sensitive to immunotoxicity than that of the 
adult (3, 29, 30). This is not surprising given that the developing immune system is par-
ticularly susceptible to environmentally-determined imprinting, and once a dysfunctional 
immune response pattern is established, it can persist well into adulthood (7).

Foods play an important role in determining the childhood immune status (31, 32). 
This extends both to the specific nature of the diet (composition and contaminants) (19, 
33) as well as to undernutrition (34). Interrelated to the issue of foods is the develop-
ment of the gastrointestinal tract, the gut-associated lymphoid tissue (GALT), and the 
natural microflora. In fact, gut microbial development and maintenance appears to play 
an important factor in immune function versus dysfunction (35, 36) linked to the risk of 
pediatric disease (37). For this reason, functional foods containing prebiotics, probiot-
ics, or their combination (synbiotics) may provide a useful aid for the protection of the 
immature immune system against environmental insult (38).

The increased sensitivity of the young is based, at least in part, on critical windows of 
vulnerability linked to unique prenatal and neonatal developmental processes (1, 30, 39, 
40). This translates into significant health risks over a lifetime (15, 41). The increased age-
related sensitivity of the young is demonstrated by the fact that lower exposure levels are 
required to produce adverse outcomes, immunotoxicity persists  following early life expo-
sure, a broader spectrum of adverse effects is seen and the immature immune system is 
more likely to be imprinted for later-life environmental-immune problems (7, 29, 30, 42).

Most immunotoxicants are capable of exerting effects in both males and females. 
However, the actual health risk that is posed by exposure to an immunotoxicant can vary 
widely between sexes. Both dose sensitivity and the nature of the adverse outcome have 
been reported to differ between males and females. For example, the reports of immu-
notoxicants for the developing immune system that produce differential effects based on 
sex include such categories as: heavy metals, drugs, phytoestrogens, alcohol, polychlo-
rinated compounds, pesticides, and herbicides (reviewed in 43). While some of these 
effects may be related to the endocrine-disrupting capacity of some immunotoxicants, 
it is not clear that this is the basis for all sex-related differences among immunotoxi-
cants. The implications of these differences are significant for health risk. For example, 
on the basis of comparisons in animal models, a problematic exposure to a food- 
associated immunotoxicant in early life (e.g., genistein, alcohol) may present very 
 different immune-based health risks for male versus female offspring (43–45).
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31.5  EXPOSURE TO IMMUNOTOXICANTS VIA FOODS

31.5.1  Alcohol
Among the well-defined immunotoxicants associated with foods is alcohol. As with 

all toxicants, the dose is critical in determining the risk of adverse immune effects. The 
effects of alcohol on the immune system are numerous, and the range of adverse out-
comes depends on exposure level, duration, age, and gender. Among the targets of alco-
hol exposure in the fetus as well as in the adult is mucosal immunity of the airways that 
is compromised and unable to provide needed antioxidant defenses (46, 47). Excessive 
alcohol use increases the risk of serious airway infections such as tuberculosis (48). In 
the same vein, alcohol ingestion can impair intestinal mucosal immune defenses by 
reducing bacterial defense and inhibiting repair processes (49). Other evidence also sug-
gests that immune-related healing and repair is suppressed by alcohol (50).

The impact of alcohol on the liver is well known. Liver damage produced by alcohol 
appears, at least in part, to be immune mediated. Alcohol-induced hyperactive Kupffer 
cells contribute to chronic inflammation and hepatic necrosis (51). In fact, some investiga-
tors have proposed that immune-mediated mechanisms account for the high occurrence of 
fibrosis, cirrhosis, and cancer across many different forms of liver disease (52, 53).

In animal models, fetal exposure to alcohol has been reported to impair innate 
immune function and to increase the neonate’s susceptibility to various infections (17, 
54). In humans, alcohol-induced immune dysfunction includes a decrease in Th1/Th2 
ratios and an increase in susceptibility to certain infections (55). This is probably based 
in part on its effects on dendritic cells as well as its capacity to disrupt cytokine net-
works during host challenge (56). Alcohol intoxication has been reported to impair the 
maturation of dendritic cells (57) and the capacity of these cells to promote T cell 
responses during antigen presentation (58). At least one mechanistic observation is that 
alcohol acts on macrophages via impact on heat shock proteins to cause the dysregula-
tion of TNF-alpha production (59).

31.5.2  Pesticides, Insecticides and Herbicides
Chemicals related to food production that may enter the food chain as contaminants 

can include pesticides, insecticides, herbicides, fungicides, rodenticides, and antimicro-
bial compounds. These usually contaminate foods during production and residues can 
be passed along to the consumer. Investigations suggest that several of these chemicals 
affect the immune system. Among the herbicides that are of primary interest for poten-
tial immunotoxicity are atrazine and 3,4-dichloropropionanalide (propanil).

The developing immune system appears to be particularly sensitive to atrazine exposure. 
Mice that were exposed in utero were found to have altered acquired immune responses. 
The changes were highly gender-dependent in terms of both the direction and spectrum of 
the immune alterations (60, 61). Propanil has the capacity to suppress innate immunity (via 
natural killer cells and macrophages) and to alter the activity of cells involved in acquired 
immunity (T and B lymphocytes). The disruption of cell signaling (e.g., Nuclear Factor-
kappa B, calcium flux) appears to be one possible mechanism for immune disruption as 
was recently reviewed by Salazar et al. (62). Human evidence also suggests that propanil 
has the potential to disrupt lymphoid responses via interference with cell signaling (63).
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Over time, there has been a gradual shift away from the more persistent  organochlorine 
pesticides to organophosphates. Some evidence suggests that certain organophosphate 
pesticides deserve more attention as to their potential to be immunotoxicants. For 
 example, Navarro et al. (64) reported that the neonatal exposure of rats to the organo-
phosphate chlorpyrifos produced pronounced T cell immunotoxicity that appeared after 
the animals aged to adulthood. Other investigators also reported the suppression of T 
cell responses in rats following chlopryrifos exposure (65). Malathione has also been 
reported to produce immunotoxicity in a variety of animal models (66).

31.5.2.1  Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) are among the significant concerns of food-born 
pollutants. These are persistent environmental pollutants, and they can reside in the 
environment as well as in body fat for a lengthy period of time. Much of the food-borne 
exposure to PCBs comes through the bioconcentration of PCBs in the food chain 
 particularly in marine animals. Fish can accumulate PCB well in excess of the concen-
tration in the water in which they live. Larger fatty-type species such as salmon and tuna 
can be a reservoir for both PCBs and mercury.

PCBs are known as important immunotoxicants capable of altering both host 
defenses to infectious challenge and immune responses to vaccinations. Heilmann et al. 
(19) reported that Faroe Island children consuming a largely marine-based diet had 
childhood vaccination responses that were inversely correlated with their exposure to 
PCBs. In fact, the immunotoxicity was so extensive that 28% of the children had such 
poor responses to vaccination that they were unprotected. The best predictor of the 
 vaccine response in seven-year-old children was the PCB concentration of cord blood 
at the time of their birth. This suggests that prenatal development was the most sensitive 
critical window for PCB-induced immunotoxicity.

In similar studies on an Inuit population of children in northern Canada, investigators 
found that elevated PCB levels were associated with higher rates of acute otitis media 
and respiratory infections. A study among Dutch school children also found higher rates 
of recurrent middle ear infections among children with elevated levels of PCBs (67). 
Additional studies in Sweden found that prenatal exposure to PCBs increased the risk 
of childhood infections (68). In a study of older women, PCB body burden was 
 associated with an increased risk of rheumatoid arthritis (69). The results pertaining to 
childhood and adult immune function are not surprising in light of a report that prenatal 
PCB levels can impact thymus size at birth (70).

31.5.2.2  Perfluorooctanoic Acid (PFOA)

Perfluorooctanoic acid (PFOA), also known as C8, is one of the more recent food 
contaminants to cause immunotoxic and other health concerns. PFOA is one of the 
chemicals used in certain nonstick cooking wares as a bonding agent. Such kitchen ware 
is often a prominent tool used in low-fat cooking. Ironically, exposure to PFOA has the 
potential to counteract some of the health benefits of pursuing low-fat cooking. PFOA 
is detectable in the bloodstream of most Americans including newborns. The chance of 
the release of PFOA from cookware seems to be increased under prolonged high-heat 
conditions. Both inhalation exposure from cooking fumes and PFOA residues on 
cooked food are potential routes of exposure.
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Evidence suggests that PFOA is immunotoxic at sufficient doses. At high doses in 
mice, it produces thymic and splenic atrophy (71). A lower range of exposures to PFOA 
causes the suppression of T-dependent antibody responses in mice (72). The scope and 
range of PFOA effects on the immune system were covered in a recent review by 
DeWitt et al. (73).

31.5.3  Heavy Metals
Heavy metals represent one of the categories of food contaminants with significant 

immunotoxic activity. Among the most prominent contaminants of immunotoxic con-
cern are arsenic, cadmium, lead, and mercury. These metals can contaminate not only 
foods but also drinking water. They each produce a wide array of adverse outcomes for 
the exposed immune system and share or overlap in the spectrum of changes they can 
induce. As detailed in the following, exposure to these metals produces skewed immune 
response capabilities that concomitantly increase susceptibility to certain infections 
while increasing the risk of allergic and autoimmune diseases.

31.5.3.1  Arsenic

Arsenic exposure via foods is likely to come from seafood, particularly that found in 
brackish water. Arsenic interferes with signal transduction in lymphocytes resulting in 
apoptosis (74–77). It also targets macrophages and interferes with their differentiation, 
maturation, and functional responses (78, 79). In particular, arsenic has been proposed 
as a significant immunotoxic risk for children (41, 74).

31.5.3.2  Mercury

Mercury intake from foods occurs largely from fish with additional contributions 
from fruits and vegetables. It is among the most significant food-associated toxicants 
for the immune system. The developing immune system is particularly vulnerable to 
mercury-induced immunotoxicity and special care is needed to avoid exposure.

Mercury is thought to produce an elevated risk of autoimmunity (80–82). A couple 
of possible mechanisms that have been suggested for the link of mercury to autoimmu-
nity is its capacity to inhibit the death-induced signaling complex associated with 
CD95-mediated T cell apoptosis (83, 84) and the recently reported interference of mer-
cury with T cell receptor signaling (85).

An additional effect of mercury exposure is similar to that of lead. Depending upon 
the form of mercury (e.g., inorganic vs. organic), it has the capacity to skew immune 
responses and cytokine production toward Th2 and away from Th1. This has been 
reported both for humans (86) as well as in rodents (87).

31.5.3.3  Cadmium

Cadmium contamination is most likely to be found in vegetables and cereals. The 
metal is a potent immunotoxicant causing damage to the thymus and thymocytes. At 
least part of the process of cadmium-induced immunotoxicity appears to involve exces-
sive production of oxidative radicals, which produces thymic damage, the induction of 
lymphoid apoptosis (88), and macrophage cell death (89). Th1 cells appear to be more 
sensitive than Th2 cells to the toxic effects of cadmium. There is a shift in cytokine 
production ratios that biases immune responses toward Th2 (90). Cadmium-induced 
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skewing toward Th2 responses has been reported by other researchers (91) and is simi-
lar to the adverse Th biasing effects seen with lead and mercury.

31.5.3.4  Lead

Lead appears to be most often encountered in foods via wine, game, fish, and meat. 
Among the most sensitive targets for lead are macrophages, dendritic cells, and T lym-
phocytes (30). Among the hallmarks of lead-induced immunotoxicity is a bias in 
immune responses that effectively decreases Th1-driven cell-mediated immune 
responses (92, 93) and increases the likelihood of Th2-dependent allergic reactions (94, 
95). This skewing of immune responses has been observed in numerous species of ani-
mal models as well as among wildlife species (96).

In recent studies on mice, lead was found to produce the Th functional shift by affect-
ing dendritic cell maturation, skewing antigen presentation by these cells toward Th2-
driven responses and away from Th1 responses (97). This is consistent with the 
observation in animals (92, 95) and humans (98–101) that lead exposure is associated 
with increased IgE production driven at least in part by increased production of IL-4 and 
reduced production of interferon-gamma.

Additionally, the usage of the T cell receptor appears to be disrupted following expo-
sure to lead and this along with other observations of autoantibody production suggests 
that lead exposure is likely to increase the risk of autoimmune reactions (94, 96, 102). 
Macrophage function is impaired by lead in such a way as to decrease the overall anti-
microbial activity of the phagocytes, increase susceptibility to certain bacteria infec-
tions (e.g., Listeria), and cause the overproduction of proinflammatory cytokines such 
as TNF-alpha and IL-6 (reviewed in 97).

31.5.3.5  Multiple Metals

Of particular importance for food-related immunotoxicity is the observation that 
multi-metal exposure can pose an even greater risk of immunotoxicity than exposure to 
single metals. Bishayi and Sengupta (103) showed that combined arsenic and lead expo-
sure of mice resulted in a synergy of immunotoxicity potential with combined metal 
exposure producing a more serious suppression of macrophage function, including 
decreased resistance to bacteria, than was observed with exposure to individual metals.

31.5.4  Contaminants of Foods from Plastic Products
Several components of plastics used in food wrapping, storage, and preparation have 

the capacity to leech into food. This can increase during storing or heating foods in 
plastic containers. While a single exposure may be modest, chronic exposure to chemi-
cals found in plastics, many of which are known to be endocrine disruptors (e.g., estro-
genic, antiandrogenic, thyroid interfering chemicals), can present an immunological 
risk. Among the chemicals of concern are bisphenol A (BpA) and the phthalates.

31.5.4.1  BpA

BpA is a component of plastic products used in food storage and preparation. As a 
result, exposures can occur that are both significant and in the range of health concerns 
(104). BpA has been reported to reduce the production of Th1-related cytokines in rats 
(105) and mice (106), to reduce regulatory T cells (Tregs) in mice (107), and to  selectively 
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elevate production of Th2 cytokines in mice (107). Additional investigation also reported 
a decline in Tregs following transmaternal exposure to BpA that was associated with a 
loss of oral tolerance to dietary proteins (108). However, other laboratories reported 
elevated Th1 responses in mice following prenatal exposure to BpA (109). It seems 
likely that developmental timing, exposure dose, and gender all play a significant role in 
determining the precise nature of the immune insult that results from BpA exposure.

31.5.4.2  Phtalates

Phthalates are an integral component of many plastic products designed to provide 
flexibility. Like BpA, phthalates can leech out of the products into food resulting in 
exposure to children and adults. Phthalates have a controversial role relative to immu-
notoxicity and immune modulation. Some studies have suggested they can act as adju-
vants increasing the levels of certain immune responses (110).

But even that effect may be dependent upon the route and levels of exposure. For 
example, a recent study found that in individuals allergic to dust mites, inhaled phthalates 
did not aggravate nasal responses (111). Likewise, the topical application of phthalates 
to mice had no effect on induced allergic responses to proteins (112). In a comparative 
study, Ohnishi et al. (113) showed that certain endocrine disruptors including BpA can 
disrupt toll-like receptor 4 (TLR4) signaling in macrophages. A limited number of phtha-
lates also produced this effect but most of those examined did not. In a study designed to 
examine the effects of phthalates on Th2 cytokines and IgE production in mice, Butala 
et al. (114) reported that phthalate exposure produced no effects. Similarly, Piepenbrink 
et al. (115) showed that while prenatal exposure of female rats to di-(2-ethylhexyl) phtha-
late produced alterations in developmental and reproductive parameters, there was little 
evidence of persistent immunotoxicity in the adult offspring.

Thus far the evidence suggests that BpA is likely to represent the more serious immu-
notoxic concern compared with phthalates. However, the latter can exert effects on other 
physiological systems that suggest the need for caution relative to exposure and health 
risks (116).

31.5.4.3  Polycyclic Aromatic Hydrocarbons

Polyxcyclic aromatic hydrocarbons (PAHs) are the products of incomplete com-
bustion. They include established immunotoxicants such as benzo(a)pyrene (BP), 
3- methycholanthrene (3MC) and dimethylbenzanthracene (DMBA). PAHs are found in 
combustion-related air pollution including cigarette smoke. They can occur in food 
either via absorption from pollution in the air or through high-heat cooking such as 
grilling. PAHs are more often found in grilled and smoked meats as opposed to vegeta-
bles. They are also produced in the vapor from high-heated cooking oils.

PAHs appear to produce dysregulation of immune function that can vary as to the 
type of effects depending upon the timing (e.g., early life vs. adult) and level of expo-
sure. Exposure in humans has been reported to suppress T cell responses and at some 
doses to elevate the numbers of natural killer cell activity (117). In studies on human 
monocytes and macrophages, BP was found to inhibit macrophage maturation (118).

Animal studies confirmed that PAHs are highly immunotoxic and are capable of 
 suppressing both antibody production and cell-mediated host defenses (119). They 
 disrupt cell signaling in lymphocytes (120) and impair thymocyte differentiation (121). 
In particular, PAH exposure can impair: (1) the presentation of antigens by profession 
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antigen-presenting cells during immune responses and (2) the responsiveness of primed 
lymphocytes to control antigen presentation signals during the course of host-pathogen 
defenses-acquired immune responses (122). These combined results suggest that PAHs 
are capable of causing immune dysfunction affecting several aspects of acquired and 
innate immunity and can impact host resistance to disease.

31.5.5  Mycotoxins
Mold-derived toxins form an important group of food contaminants that are potent 

immunotoxicants. Immunotoxic metabolites of fungi can contaminate raw food crops 
and make their way into processed foods as well. They have been recognized to cause 
health problems for more than 100 years. However, detailed studies of their immunoto-
xicity are much more recent.

Among the groups of mycotoxins that are important contaminants of food are the 
aflatoxins (in nuts and cereals), the fusmonisins (corn and cereals), ochratoxin (beans 
and cereals), patulin (fruit), and the trichothecenes (corn and cereals) (123). Of these, 
the trichothecenes are metabolites of fungi such as Fusariaum and Cephalosporium. 
These go by other names such as T-2 toxin and vomitoxin. Most of these occur via 
fungal growth on cereals and grain during wet, damp storage. These toxins target not 
only the immune system (124) but also the neurological and gastrointestinal systems.

31.5.5.1  Trichothecenes

The effects of trichothecenes are highly dose dependent. They can dramatically affect 
macrophages both by stimulating inflammation and skewing immune response capabili-
ties at low-to-moderate dose ranges (125, 126). Of importance is the finding that myco-
toxins can elevate the inflammatory response to endotoxin (bacterial lipopolysaccaride, 
LPS). This is significant because many chronic diseases feature the misregulation of 
inflammation, which is a feature of diseases of aging and a component of higher risk of 
autoimmunity. Therefore, exposure to these fungal metabolites appears capable of con-
tributing to problematic immune dysfunction. The trichothecene, deoxynivalenol, has 
been reported to alter dendritic cell function and may be one route through which 
immunosuppression is induced (127).

At higher doses they can cause leukocyte cell death through apoptosis.

31.5.5.2  Alflatoxin B1

Additional studies suggest that another storage toxin from fungi, alflatoxin B1 (pro-
duced by certain species of Aspergillus) can significantly impair cell-mediated immune 
responses, increase proinflammatory cytokine production, and decrease vaccine 
responses in animals (128, 129).

31.5.5.3  Ochratoxin

Ochratoxin causes nephrotoxicity in addition to immunotoxicity with early life  exposure 
being of particular concern (130). However, the immune system may not be the most sensi-
tive target at least in adults (131). Ochratoxin can be passed to the infant through human 
milk (132). Similar to the effects of other mycotoxins, exposure to ochratoxin has been 
reported to increase inflammatory responses (133), decrease  certain acquired immune 
responses (134), and increase the susceptibility to secondary bacterial infections (135).
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31.5.5.4  Patulin

Patulin is a mycotoxin that is a metabolite produced by certain species of Penicillium 
and Aspergillus growing on fruit. It is most likely to be encountered in foods through 
the consumption of apple juice or products with apple juice ingredients from mold-
damaged fruit. However, because the mold-damage is not always visible, complete 
elimination of patulin-laded fruit from the food chain can be challenging.

31.6  FOODS AND THE REDUCTION  
OF IMMUNOTOXICITY-RELATED PROBLEMS

Other chapters in this book discuss in considerable detail the wide variety of dietary 
factors that affect the immune system. Major categories include: fatty acids, vitamins 
and minerals, amino acids (ratios and absolute levels), flavanoids, and various nutraceu-
ticals. In many cases, the effects of these dietary components are considered therapeuti-
cally without the necessity of an overt connection to the underlying cause of immune 
dysfunction. This section describes the potential benefits of applying specific compo-
nents of foods as part of the solution to both immune dysfunction and resulting tissue 
damage linked to immunotoxicity.

There are several ways in which foods can play a critical role in reducing the adverse 
impact of exposure to immunotoxicants and thereby reducing the risk of immune-
related disease. Components of food can (1) reduce exposure of cells and tissues to 
insult by scavenging or blocking the availability of toxicants for the immune system, (2) 
interfere with normal metabolic pathways used to produce indirect-acting toxicants and/
or the toxic metabolites of parent compounds, (3) alter the chemical environment tied 
to an adverse outcome thereby reducing the impact of the immunotoxic change and (4) 
help to shift the dysfunctional immune system (moving it toward a more well-balanced 
host defense system) or repair the resulting tissue damage.

31.6.1  Preventing Immunotoxicity Versus Correcting Adverse Outcomes
Obviously, preventing environmentally-induced immune insult and the resulting 

immune dysfunction is preferable whenever possible. This provides a frontline opportunity 
to minimize health risks. But in many cases, this is not an option. Instead, protection against 
the adverse effects of environmentally-induced immune dysfunction (e.g., causing overpro-
duction of inflammatory mediators) and/or correction of immune imbalances themselves 
(e.g., correcting T helper imbalances) are the more common intervention points involving 
foods and food-related natural products. Promising food-related sources that have the 
potential to correct common adverse outcomes of developmental immunotoxicity (DIT) 
were recently discussed (22). Natural products showing the greatest promise for reversing 
DIT outcomes included extracts of Astragalus membranaceus, Dioscorea alata, Echinacea 
purpurea, Ganoderma lucidum, Grifola frondosa, Lentinus edodes, Nigella sativa, Panax 
ginseng, Phellinus linteus, Sophora flavescens Ait., and Trigonella foenum graecum L.

31.6.2  Inhibition of Immunotoxicity and/or Immune-Inflicted Damage
Food sources can contain both direct inhibitors of immunotoxicants and inhibitors of 

the immune cell-produced toxins. Among the important categories of food chemicals 
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are free radical scavengers and metabolic inhibitors. Such protective activity has been 
associated with: vitamin E (136, 137), selenium (138), vitamin C (139), green tea 
extracts (140), grape seed proanthocyanidins (141), polyphenols (142), triterpenoids 
(143), Tunisian radish extract (144), chicory leaf extract (145), whole blueberry powder 
(146), and melatonin (147). Other components of food can help to replenish or spare the 
critical biochemical targets of immunotoxicity. Among these are curcumin and 
N-acetylcysteine (148). The former has been used to reduce the susceptibility of chil-
dren to recurrent viral infections (149).

Additionally, food components can act indirectly by either providing or reducing the 
availability of substrates involved in producing adverse outcomes of immunotoxicity. 
For example, diets or supplements that affect arginine availability, use, and metabolism 
can be expected to influence the nitric oxide production pathway particularly among 
some genotypes of individuals (150, 151). Other diets high in saturated fat establish a 
permissible environment for macrophages to promote tissue inflammation (particularly 
following various pollutant exposures), metabolic disorders, and inflammatory-based 
diseases (152–154).

In contrast, lower fat diets and/or those rich in n-3 fatty acids that ensure a better 
 balance of n-3 versus n-6 fatty acids can reduce the substrate availability for promoting 
inflammation (155) and can help to protect against the misregulated inflammation so often 
found with chemical- or drug-induced immunotoxicity (156). Dietary fat intake can be a 
major determinant in risk of adverse outcomes like atherosclerosis (157). With increasing 
concern about misregulated inflammation, one of the food components that appears to 
inhibit oxidative damage and intestinal inflammation is l-carnitine (158). l-carnitine 
appears to help intervene in the inappropriate inflammation associated with metabolic 
syndrome (159). It is particularly promising in reducing the age-related decline in acquired 
immune function that is associated with chronic inflammation (160).

Other components of foods also play important roles. Dietary protein levels, particu-
larly in early life, can affect the impact of immunotoxicity under some circumstances 
(161, 162). In Chen et al. (162), the maternal dietary protein level was shown to affect 
the extent of lead-induced immunotoxicity in the offspring with low but adequate pro-
tein intake resulting in partial protection. Dietary protein–carbohydrate balance is also 
important (163). These investigators found that the ratio of dietary protein–carbohydrate 
could alter the immune system potential of rats. The effects (immune potentiation vs. 
immune suppression including age-related decline) were different for young versus old 
rats depending upon not only the age of dietary exposure, but also the duration rats 
consumed a given diet. Of additional note is the fact that specific diet-immune interac-
tions can vary significantly with age and gender. A protective diet against environmen-
tally-mediated immune insult at one age and in one gender may not have the same effect 
across all ages and genders (163).

31.7  CONCLUSIONS AND PERSPECTIVES

Foods play an important role in the status of the immune system and overall health. 
The impact of foods on the immune system extends to every manifestation of immuno-
toxicity (adverse immunological outcomes). Immunotoxicity can be induced by chemi-
cals that are endogenous components of foodstuffs as well as by chemical and 
microbiological contaminants of foods. Exposure level can often determine a beneficial 
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from a harmful immunological outcome. In the endogenous chemical category are 
amino acids, fatty acids, carbohydrates, micronutrients, and vitamins as well as other 
chemicals such as flavanoids and naturally-occurring toxins in foods (e.g., alkaloids). 
Immunotoxic food contaminants can occur at virtually any place in the food production 
process between the farm and the table. Oral exposure to toxicants represents a signifi-
cant immunotoxic concern, and its assessment requires a focus not only on systemic 
immunity but also on the more specialized gut-associated lymphoid tissue (GALT). 
Other foods have chemicals that are (1) protective against immunotoxicants, (2) have 
the potential to correct, at least in part, the immune dysfunction induced by immunoto-
xicants, or (3) restore tissue function commonly damaged by the dysfunctional immune 
system. These food-related factors are discussed in detail in other chapters.

The key to a practical understanding of foods and the risk of immunotoxicity begins 
first and foremost with the recognition that age- and gender-based groups can differ 
widely in their vulnerability to food-associated immunotoxicants. As a result, the risk 
of adverse outcomes and even the range of immunological changes may be highly 
group-specific. For this reason, the immunological risk of exposure of the fetus to given 
levels of marine-based mercury, PCBs, or PFOAs can be dramatically different from 
that of an adult. Therefore, the immunotoxicity of foods must be approached with a 
clear understanding of both the immunological hazards that exist and the populations 
most at risk for food-associated immune dysfunction.

Finally, because food choices often exist and foods can have immunotoxicity- 
inducing and/or immune-protecting capacities, they offer one of the best opportuni-
ties for immunological-based health risk reduction and effective immune management 
over a lifetime. In some cases, the use of alternative foodstuffs or food sources by 
the most at-risk populations not only enable individuals to passively avoid immu-
notoxicants, but it can also help to actively protect them against certain types of 
damage to the immune system (e.g., protection against oxidative damage). For this 
reason, an integrated goal of foods and the immune system should be toxicant 
avoidance, protection against  toxicant damage, and the restoration of effective 
immune balance.
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32 Probiotics and Inflammatory 
Immune Responses

Corinne Grangette

Key Points

Probiotic microorganisms can provide a certain number of health benefits.•	
Their capacity to modulate the immune system and the different mechanisms of •	
action involved will be discussed in the present review.

Key Words: Probiotics, lactic acid bacteria, microbiota, immune-modulation, inflam-
matory bowel diseases, allergy, dendritic cells.

32.1  INTRODUCTION

Almost immediately after birth, the intestinal tract progresses from sterility to 
extremely dense microbial colonization, ending up with a microbial ecosystem in an 
adult that comprises ten times more bacteria than human cells (1, 2). The human colonic 
ecosystem alone is constituted of more than 1,500 bacterial species, belonging to a 
limited number of broad taxonomic divisions, the collective genome of which is esti-
mated to contain 100 times more genes than the human genome (3). In the intestine, this 
microbiota is in permanent contact and reciprocal interaction with the host cells and 
with nutrients, composing an extremely complex and highly regulated ecosystem whose 
contribution to gastrointestinal health and disease is now well recognized. This micro-
biota is considered to be essential in priming the immune system during ontogeny by 
the development and maturation of both mucosal and systemic immune systems. As 
such, this complex ecosystem plays an important role in normal gut functioning and in 
the maintenance of intestinal homeostasis (4, 5). This bacteria–host mutualism serves 
numerous important functions for the host, including the maintenance of a physical bar-
rier against colonization or invasion by pathogens, the facilitation of digestion and 
assimilation of nutrients, and an early warning system, providing immunological sur-
veillance signals at the gut mucosa-lumen interface.
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The emergence of a number of immunological disorders such as allergic diseases, 
inflammatory bowel diseases, type 1 diabetes and multiple sclerosis has been attributed 
to a modern lifestyle, resulting in certain dietary, hygiene, and medical habits. A number 
of possible hypotheses have been formulated to explain these observations. The hygiene 
hypothesis indicates that the lack of challenges for the immune system of the newborn 
will result in an immune system that can show certain deficiencies at later age. More 
recently, some of these disorders have been linked to a possible dysbalance in the devel-
opment of the regulatory immune system. Regulatory pathways are mainly triggered by 
harmless microorganisms and the lack of exposure to these “old friends” might explain 
the increasing numbers of immunoregulatory disorders observed today (6). Notably, 
defects in immunoregulatory processes such as the development of tolerance against the 
endogenous commensal microflora, have been shown to be associated with the patho-
genesis of inflammatory bowel disease (IBD) (7).

A critical feature of the mucosal immune system is the ability to discriminate 
between harmful pathogens and harmless members of the commensal flora. This is 
achieved in part by an evolutionary-conserved family of cell surface and cytosolic 
receptors of the innate immunity, referred to as pattern recognition receptors (PRRs). 
These molecules, such as toll-like receptors (TLRs), are able to recognize conserved 
microbial components (microbe-associated molecular pattern, MAMP’s) (8). It was 
recently suggested that the disruption of the mucosal barrier can lead to the exposure of 
a multitude of these MAMPs that could interact with TLRs-expressing immune cells, 
consequently leading to potent inflammatory responses (9). Paradoxically, although 
both commensal and harmful bacteria express these MAMP’s and are able to trigger 
PRRs, commensal bacteria do not induce inflammatory responses. In order to explain 
this apparent contradiction, it has been suggested that whereas pathogenic bacteria can 
pass through the epithelial barrier and activate the TLR-dependent inflammatory cas-
cade (notably by inducing NFkB translocation), commensals would be sequestrated at 
the epithelial cell surface (10, 11). Moreover, it has been shown that the recognition of 
commensal bacteria by TLRs at the host cell surface plays a crucial role in maintaining 
intestinal homeostasis (12). Indeed, some commensal bacteria are able to dampen intes-
tinal inflammation by inhibiting the NFkB signaling pathway, either by inhibiting ubiq-
uitination and  degradation of IkB, thus blocking the transactivation of NFkB-mediated 
genes (13), or by promoting the nuclear export of NFkB subunit relA through a PPAR-
g-dependent pathway (14).

Recent findings reported a notable influence of the microbiota composition on the 
incidence of emerging intestinal as well as nonintestinal pathologies, and microbial 
dysbiosis has clearly been implicated in IBD (15) and obesity (16). With increasing 
evidence supporting the crucial role of the microbiota in maintaining health, strategies 
to manipulate intestinal bacteria using probiotics are actively investigated. Indeed, sub-
stituting antibiotics or immunosuppressive drugs (which provide considerable side 
effects) with probiotics can be an attractive alternative or addition to these traditional 
therapies. The concept is not recent at all and was already introduced by Elie Metchnikoff 
in 1907. In his book “the prolongation of life” (17), he proposed that the long and 
healthy life of Bulgarian peasants was due to their consumption of fermented milk 
products and suggested that the ingestion of certain microbes, such as the fermenting 
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Bacillus (Lactobacillus) could have beneficial effects on human health. Nearly a cen-
tury later, these beneficial microorganisms were termed probiotics (18). The current 
definition, drafted in 2001 by an expert panel commissioned by the Food and 
Agricultural Organization (FAO) and the World Health Organization (WHO), identifies 
probiotics as “Live microorganisms which, when administered in adequate amounts, 
confer a health benefit on the host”. Most of the available probiotics are represented by 
lactobacilli or bifidobacteria, but certain strains of Escherichia coli (E. coli Nissle 1917) 
or Enterococcus (i.e. Enterococcus faecium SF68) have also been selected for their 
probiotic properties, as well as some yeasts (i.e. Saccharomyces boulardii). Indeed, the 
regular intake of probiotic bacteria has been shown to maintain the gut immune home-
ostasis by altering microbial balance or by interacting with the gut immune system, 
explaining their potential effect in gastro-intestinal diseases. Probiotics have proven 
benefits in the treatment or prevention of lactose intolerance, certain types of diarrhea 
either induced by antibiotherapy, bacterial or viral infections (19), inflammatory bowel 
diseases (20), some cancers (21), food allergy, and atopic eczema in children (22). 
Although there is now considerable body of information concerning the clinical effi-
ciency of probiotics, their mechanisms of action remain unclear. Their beneficial effects 
can be exerted through different means, such as the remodeling of microbial communi-
ties (production of antimicrobial metabolites, competitive exclusion of enteric patho-
gens), promotion of intestinal barrier function, neutralization of procarcinogenic 
enzymatic activities, and metabolic activities (Fig. 32.1). Their capacity to modulate the 
local and systemic immune responses is regarded as one of the most obvious beneficial 
properties (Fig. 32.2).

Potential mechanisms Potential
protective effects

Production of antimicrobial products
Competitive exclusions with pathogens Infections

Microbiota

Enhancement of Intestinal
barrier functions 

Diarrhea

Immunomodulation
    Enhancement of immunity
    Inhibition of inflammatory cascades

Inflammatory
bowel diseases

Probiotics
Inhibition of procarcinogenic
enzymatic activities

Cancer (colorectal)

allergy

Irritable bowel
syndromeAnalgesic effects

Obesity

Metabolic activities Lactose intolerance

Digestion

Fig. 32.1. Potential mechanisms of action of probiotics and beneficial impact on various diseases.
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32.2  STIMULATION OF THE IMMUNE SYSTEM BY PROBIOTICS

There is now a body of evidence that probiotics can exert immunostimulatory 
 properties leading to better immune protection in the different mucosal immune compart-
ments. First, they can enhance gut immune function by different mechanisms, including 
the production of low pH, organic acids, carbon dioxide, hydrogen peroxide, bacterioc-
ins, the depletion of nutrients; and competition for available living space. The mucosal 
lymphoid tissue of the gastrointestinal tract (GALT) plays an important role as a first line 
of defense against ingested pathogens. By interacting with the mucosal  epithelial cells 
lining the gut, as well as with the lymphoid cells residing in the vicinity, probiotics are 
able to modulate the local and systemic immune responses (Fig. 32.2). Such  microorganisms 

Probiotics

Tight junction
sIgA

M cell
TLRs

Pathogens Allergens

NFkB Inhibition

HspDendritic cells

TSLP

Cytokines

IFNg, IL-2

IL-12

Th1

IL-4, IL-5, IL-13

IL-17, IL-21,
IL-22

IL-4 Th2

TGFb, IL-6

TGFb, IL-10

PRRs

Naive
T cell IL-10 Th17

Treg

Co-stimulation

Fig. 32.2. Differential mechanisms and immune cells targeted by probiotics during their cross-talk 
with the gut mucosal immune system. Probiotic microorganisms can first limit pathogen infection and 
microbial overgrowth by 1) microbial exclusion, 2) through the release of anti-microbial factors and 
3) the induction of secretory IgA. They also exert their beneficial effect by the reinforcement of the 
epithelial barrier, notably through the induction of cytoprotective factors (i.e. Hsps) and the activation 
of tight junction expression. By the release of cytokines and chemokines by epithelial cells, the 
sampling of bacteria or bacterial components by M cells or directly by dendritic cells, innate immune 
responses are initiated that allow, according to the anti-inflammatory/ pro-inflammatory environment, 
differential activation of DCs, leading to induction of either Th1, Th2 or Treg immune responses. 
Probiotics can also dampen intestinal inflammation by inhibiting the NFkB signaling pathways, 
notably through the interaction with PRRs (i.e. TLRs).
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can indeed stimulate the cells of the innate immunity. As described above, intestinal 
epithelial cells (IEC), which make up the actual barrier that separates the host from the 
gut luminal environment, express different receptors of the innate immunity (PRRs). 
Most of these molecules are in part transcriptionally regulated by the transcription factor 
nuclear factor NFkB leading to the production of a wide range of inflammatory and 
chemoattractant cytokines. Some probiotic bacteria seem to be able to transiently trigger 
innate signal transduction and proinflammatory gene expression in the intestinal epithe-
lium, such as IL-6 (23), allowing the recruitment and activation of different cells of the 
innate immunity such as macrophages, dendritic (DC) and Natural Killer (NK) cells. 
These effects are strain-specific and it has been largely shown that lactobacilli can differ-
ently modulate macrophages and DCs. Certain strains are able to induce proinflamma-
tory cytokines such as  interleukin-1 (IL-1), IL-6, IL-12, tumor necrosis factor alpha 
(TNF-a), and gamma interferon (IFN-g) (24, 25). Such cytokines (IFN-g and IL-12) 
potently augment the functions of macrophages and NK cells, which may be a possible 
mechanism of their anti-infectious and antitumor activities (26, 27). As IL-12 plays a 
critical role in inducing a Th1-dominant immune response and in enhancing cellular 
immunity, this could also explain the immune-stimulatory (28) and antiallergic (29) 
potential of certain strains. A number of studies have addressed the effects of supplemen-
tation with various probiotic strains in healthy volunteers. Increases in NK activity and 
macrophage phagocytic activity have been observed after supplementation with 
Lactobacillus casei Shirota (30), L. casei DN114001 (31), L. rhamnosus HN001 (32) or 
Bifidobacterium lactis HN019 (33) or with different strain mixtures. Several human stud-
ies have also confirmed the capacity of probiotics to increase resistance to infection 
through the augmentation of phagocytic capability of peripheral blood (34). This is asso-
ciated with the increased production of proinflammatory (IL-12, IL-6, TNF-a and IFN-g) 
and anti-inflammatory (IL-10) mediators.

Dendritic cells (DCs) are antigen-presenting cells that play a central role in orches-
trating immune responses to self and foreign antigens. It has been largely reported that 
lactobacilli can differentially modulate DC maturation (35, 36). While some strains are 
able to induce regulatory DCs (37), others seem to be able to activate DCs that allow 
the polarization of CD4+ and CD8+ T cells toward T helper 1 and Tc1 (cytotoxic T cells) 
pathways (38). Considering the pivotal role of DCs in priming adaptive immunity, these 
results could explain the adjuvant effects of certain probiotics. The best-defined effector 
component of the mucosal adaptive immune system is secretory immunoglobulin A 
(sIgA). sIgA is the main immunoglobulin of the humoral immune response, which 
together with the innate mucosal defenses provides protection against microbial anti-
gens at the intestinal mucosal surface. Some probiotic bacteria influence immunoglobu-
lin production, notably by increasing the numbers of IgA- and IgM-producing cells in 
the intestinal mucosa with enhanced secretion of sIgA (39). In clinical human studies, 
the enhancement of specific anti-IgA titers to Salmonella typhimurium was observed in 
subjects fed with fermented milk containing L. acidophilus (40). Very interesting results 
have been obtained in infants suffering of rotavirus-associated diarrhea. Oral adminis-
tration of L. rhamnosus GG (LGG) has been shown to stimulate rotavirus-specific IgA 
antibody responses (41). The supplementation of infant formula with B. bifidum and 
Streptococcus thermophilus was also able to reduce the incidence of acute diarrhea and 
rotavirus shedding in infants admitted to hospital (42). The use of probiotic strains as a 



596 Grangette

mucosal adjuvant to enhance ongoing immune responses or vaccine has also been 
reported. It has, for example been shown that the oral administration of LGG improved 
immunogenicity of an oral rotavirus vaccine (43). In mice, the adjuvant effect of L. 
casei in a model of gluten sensitivity was recently also shown, suggesting the potential 
role of certain strains as vaccine adjuvant, mainly by promoting T cell responses toward 
a Th1 phenotype (44).

32.3  PROBIOTICS AND REGULATION OF THE ALLERGIC  
IMMUNE RESPONSE

A considerable portion of the Western population suffers from allergy, and the inci-
dence is still rising. As stated above, the lack of challenge for the immune system as a 
result of our hygienic lifestyle has been suggested as one of the possible causes. Indeed, 
at birth, the immune system of an infant is not fully developed and tends to be directed 
toward “pro-allergic” T helper type 2 (Th2)-biased immune responses, characterized by 
a capacity to produce Th2 cytokines, such as IL-4, IL-5, and IL-13. That leads to the 
stimulated production of IgE by B cells and thus the increase of the risk for allergic 
reactions through activation of mast cells. Dysbiosis has been observed in allergic chil-
dren showing an aberrant microbiota even before the onset of allergy; with higher levels 
of clostridia and lower levels of bifidobacteria (45). The concept of using probiotics as 
a possible means for antiallergic therapy has emerged from there. It has then been sug-
gested that probiotics may provide the safe microbial stimulation needed for the devel-
opment of the immune system in infants. A limited number of strains have been tested 
for their efficacy in the treatment and prevention of allergy in infants. Such clinical trials 
have shown that the standard treatment of infants with atopic eczema, an extensively 
hydrolyzed infant formula, can be significantly improved through the addition of LGG 
or B. lactis Bb-12. The administration of LGG prenatally to 159 pregnant women for 2 
weeks and postnatally to babies for 6 months halved subsequent occurrence of eczema 
in 2-year-old at-risk infants (22), and this effect extended beyond infancy (46). In 
murine models of allergy, some probiotic strains have been also shown to prevent aller-
gic disease by promoting oral tolerance induction (47). The precise mechanisms behind 
these beneficial effects are not entirely known. Several mechanisms have been evoked, 
such as the improvement of the intestinal barrier function, modulation of the intestinal 
microbiota, or enzymatic degradation of dietary antigens by enzymes from probiotics. 
The modulation of the immune system may be the main mechanism by which probiotics 
could regulate the Th2 dysbalance observed in allergy. Evidence is accumulating that 
probiotic microorganisms preferentially elicit two substantial T cell lineages, able to 
counterbalance the proallergic T helper 2-directed immune response: the T helper 1 
cells and the T regulatory suppress-1 cells. Some lactic acid bacteria (LAB) have been 
shown to display stimulatory properties on the innate immune system via cells such as 
macrophages and dendritic cells, inducing the production of IL-12. This, in turn, allows 
the stimulation of IFNg production to promote the Th1 phenotype (see Fig. 32.2). We 
have demonstrated in vitro that certain LAB can highly reduce the capacity of allergen-
 specific human T cells to produce Th2 cytokines (IL-4, IL-5), but, in contrast largely 
favor the production of IFN-g (48). This possible antiallergic effect seems to be depend-
ent on antigen-presenting cells (APC) and requires IL-12 (49). This effect was also 
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confirmed in vivo in two murine models of allergy to birch pollen and to the major 
house dust mite allergens of Dermatophagoides pteronyssinus (Der p 1), respectively 
(29, 50). Notably, the coapplication of L. plantarum and the allergen induced a T-helper 
type 1 (Th1)-biased allergen-specific IgG response, reduced specific IgE response, and 
favored the production of INF-g upon allergen restimulation. We also demonstrated that 
such selected lactobacilli can modulate DC from allergic patients to instruct autologous 
naïve CD4+ T cells to produce more interferon-g (51).

Probiotics may also decrease allergic diseases by promoting immunosuppressive 
cytokines (TGF-b, IL-10) (52). This could be achieved by the induction of regulatory 
DCs that could promote regulatory cytokine production and the induction of regulatory 
T cells (Tregs) (see Fig. 32.2). This counter-regulatory hypothesis could be emphasized 
by the negative correlation observed between Th2-associated parasitic helminth infec-
tions and the prevalence of allergy. Indeed, it was shown in a murine model of allergy, 
that helminth infection elicits a regulatory T cell population able to downregulate 
allergen-induced lung pathology in vivo (53). By their capacity to enhance sIgA produc-
tion, probiotics could also contribute to allergen exclusion and thereby reduce the expo-
sure of the immune system to dietary antigens. We must remember that not all probiotics 
have the same immunological properties, and we have yet to define and select the best 
strains to exploit with optimal efficacy of the immunomodulatory functions of these 
micro organisms.

32.4  PROBIOTICS AND INFLAMMATORY BOWEL DISEASES

It is now well accepted that homeostasis versus chronic intestinal inflammation is 
determined by the presence or absence of appropriate control mechanisms that could be 
linked to a balance between protective (“good”) and aggressive (“bad”) luminal bacteria. 
In genetically susceptible individuals (54), an inappropriate mucosal immune response 
against the intestinal flora appears to be the principal mechanism leading to the patho-
genesis of inflammatory bowel disease (IBD), mainly characterized by ulcerative colitis 
(UC), Crohn’s disease (CD), and pouchitis. The evidence for the validity of this precept 
is due to the fact that all of the many experimental murine models of mucosal inflamma-
tion are dependent on the presence of a normal microflora, that is, inflammation does not 
occur if the mice are reared and maintained in a germfree environment. The requirement 
for the presence of a normal flora is also supported in IBD patients, by the fact that the 
symptoms are sometimes ameliorated by the administration of antibiotics or by the diver-
sion of the enteric stream away from the area of inflammation.

Metagenomic analysis indicates that the microflora of IBD patients is unstable and 
presents a reduced complexity of the bacterial phylum Firmicutes. While 43 distinct 
ribotypes of Firmicutes were identified in healthy microbiota, only 13 ribotypes were 
detected in CD patients, indicating a serious degree of microbial dysbiosis 15. In 
addition, a reduced number of lactobacilli and bifidobacteria was observed in the 
mucosa of IBD patients (55). Other studies reported that Faecalibacterium praus-
nitzii, one of the major bacterium of the Clostridium leptum group was particularly 
depleted in IBD patients’ ileocolonic mucosa-associated microbiota (56, 57). The 
anti-inflammatory capacity of this bacterium was then demonstrated in murine exper-
imental models (58).
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While most therapeutic strategies target the suppression or modulation of the inflam-
mation, novel complementary therapeutic tools are needed in order to overcome prob-
lems linked to secondary side effects, as well as commonly observed nonresponsiveness 
of patients, leading to frequent relapses. The proposal of probiotics as such an alternative 
approach has recently emerged (59). Consequently, a number of clinical intervention 
studies have been carried out to address the beneficial potential of probiotics in patients 
suffering from pouchitis, Crohn disease, or ulcerative colitis. Most of these studies are 
summarized in Table 32.1, showing conflicting results. The greatest efficacy is observed 
for the prevention of pouchitis relapse and a potential effectiveness in UC. Evidence for 
the use of probiotics in CD is less persuasive, with only a limited number of studies 
reporting positive outcomes. Clearly larger trials using standardized protocols and better 
selected strains are required to confirm their possible role as therapeutic tools.

In contrast to the human situation, a large number of experimental animal models of 
IBD have reported protective effects of selected microorganisms. These models use 
IL-10 or IL-2 deficient mice, or are based on the transfer of CD4+ CD45 RBhi or CD4+ 
CD62L+ T cells into severe combined immunodeficiency (SCID) mice. Chemically-
induced models of colitis have also been extensively used. An intrarectal administration 
of trinitrobenzene-sulfonic acid (TNBS) or the administration of dextran sodium sulfate 
(DSS) in drinking water is the most frequently used example. In all of these models a 
large number of probiotic strains have been tested for the prevention of colitis, often 
showing a significant capacity to reduce inflammation. In IL-10 knockout (KO) mice, 
different strains of L. salivarius (60, 61), L. plantarum (62), L. reuteri (63), B. infantis 
(60) were shown to dampen inflammation. The protective effect of the VSL#3 cocktail 
was also demonstrated in different models such as the DSS model and in IL10−/− KO 
mice, while its protective effect in the TNBS-induced colitis model was controversial 
(64, 65). Although there is now a considerable body of information concerning the 
efficiency of probiotics, their mechanisms of action remain largely unresolved. 
Probiotics may impair the “pro-inflammatory” activity of other luminal bacteria via the 
secretion of antimicrobial products, competitive exclusion, or by the induction of 
defensins. It has also been shown well that certain probiotics are able to enhance epi-
thelial barrier function (66, 67). Notably, the probiotic E. coli Nissle 1917 was shown 
to counteract the disruptive effect of enteropathopathic E. coli (EPEC) on epithelial cell 
monolayer in vitro, by altering protein kinase C signaling (PKCz) and causing the redis-
tribution of the zonula occludens-2 (ZO-2), one of the main members of the tight junc-
tion protein complexes (68). Commensal bacteria can actively modulate signaling in 
mammalian IECs. While pathogenic bacteria induce TLR- and NLR-mediated NF-kB 
activation, in vitro studies have demonstrated that commensal bacteria such as 
Lactobacillus spp. can actively inhibit this pathway. It was notably shown that VSL#3 
produces soluble factors able to Inhibit NF–kB and to induce cytoprotective heat shock 
proteins in colonic epithelial cells through proteasome inhibition (69) (see Fig. 32.2). 
Similarly, soluble factors released by Bifidobacterium breve C50 alleviated the secretion 
by epithelial cells of the TNF-a-induced CXCL8 chemokine, by decreasing the early 
phosphorylation steps of both the AP-1 and NF-kB signaling cascades (70). In the same 
way, in vitro coculture of inflamed ileal explants from CD patients with viable selective 
strains(L. casei DN114001) significantly reduced the release of TNF-a by the inflamed 
mucosa and the expression of TNF-a protein by intraepithelial lymphocytes (IEL).  
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In addition, coculture with this L. casei reduced the number of T cells displaying the a 
chain of IL-2R (CD25), an activation marker highly expressed by lamina propria lym-
phocytes (LPL) in Crohn’s disease, while it increased the percentage of lymphocytes 
undergoing apoptosis, which may contribute to its ability to diminish the number of 
activated T cells in the lamina propria (71). Conversely, Rakoff-Nahoum et al. (12), 
reported that activation of TLRs by commensal bacteria is critical for protection against 
gut injury, notably through the induction of factors involved in tissue repair, such as 
IL-6, KC-1, and heat-shock proteins. Moreover, lactobacilli and the VSL#3 bacterial 
mixture strengthen intestinal barrier functions through the upregulation of b-defensins 
(i.e. hBD-2) via induction of proinflammatory pathways, including NF-kB and AP-1 
(72). It was also recently shown that NF-kB signaling in the gut epithelium is a critical 
regulator of epithelial integrity and intestinal immune homeostasis, since the ablation of 
NEMO (subunits essential for NF-kB activation) spontaneously caused severe chronic 
intestinal inflammation in mice (73). All these results seem to indicate that commensal 
bacteria could maintain intestinal homeostasis by differential control of such signaling 
pathways following the signals involved. IECs are much more than a simple physical 
barrier to the external environment since they are in close contact with the intestinal 
immune system. The differential capacity of commensal/probiotic bacteria to interact 
with IECs will clearly influence the secretion of cytokines (Fig. 32.2). The follicle-
associated epithelium that overlies Peyer’s patches contains specialized M cells (micro-
fold) which facilitate luminal sampling. Specialized dendritic cells (DCs) located in the 
lamina propria could also express tight junction proteins and extend their dendrites 
between IECs to directly sample bacteria (Fig. 32.2). The maturation state of DCs (i.e., 
the level of costimulatory molecules expression) within the gastrointestinal tract is cur-
rently regarded as a crucial factor governing the type and direction of a mucosal immu-
nological response (Fig. 32.2). It has been shown recently that IECs can condition DCs 
through the release of thymic stromal lyphopoietin (TSLP), resulting in the induction of 
“non-inflammatory DCs,” which could be crucial for the maintenance of gut homeosta-
sis. Defects in this mechanism may allow exacerbated Th1 or Th17 inflammatory 
responses, resulting in IBD. Several reports have shown that nonpathogenic commensal 
bacteria, including probiotics, have the ability to elicit a characteristic cytokine response 
in in vitro coculture models of leucocyte-sensitized epithelial cells and can deliver a 
distinct signal to underlying immunocompetent cells. Notably, monocytes acquire 
immunoregulatory functions in the presence of probiotic-activated IEC (74, 75). 
Probiotics, in particular lactobacilli, seem to exert different effects on DCs. Substantial 
differences were found among strains in the capacity to induce IL-12 and TNF-a pro-
duction in the DC. Interestingly some strains (i.e. L. reuteri) were able to inhibit the DC 
activation induced by others (i.e. L. casei), suggesting that the composition of the gut 
microflora, including ingested probiotics could influence the differential T effector/T 
regulator-driving capacities of the gut DCs (35). Indeed, some Lactobacillus species 
were able to activate DCs to induce a strong T cell immune response, indicating their 
potential as efficient immune stimulators (38), while others, such as VSL#3, were more 
potent inducers of IL-10 on DCs and as such able to inhibit the generation of Th1 cells 
(36). We indeed showed that protection by lactic acid bacteria against symptoms of 
IBD, induced by 2,4,6-trinitrobenzenesulfonic acid (TNBS) in mice, was strain-specific 
and correlated to their in vitro immuno-modulatory properties (76). Interestingly, we 
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observed that the strains that exhibited anti-inflammatory potentials led to the generation 
of partially matured regulatory DCs, able to rescue mice from colitis after adoptive trans-
fer (37). The preventive effect of these probiotic-pulsed DCs required the induction of 
CD4+ CD25+ regulatory cells and seemed to involve the immunosuppressive pathway 
involving the indolamine 2, 3 dioxgenase (IDO) enzyme. Two other studies reported also 
that probiotics can improve murine colitis by inducing TGF-b-bearing regulatory T cells 
and can induce in vivo peripheral T cell hyporesponsiveness, suggesting a modulation 
through DC function (77, 78). It was also shown that lactobacilli, in a strain-specific 
manner, were able to prime DCs to promote the development of Treg cells through den-
dritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) 
interaction (79). All these findings suggested that specific interaction between DCs and 
T cells in the gut are necessary for probiotic induction of regulatory cells. The precise 
mechanisms remain, however, unclear. Moreover, as the immunomodulatory/immu-
noregulatory capacities of probiotics are strain-specific, it is now very important to 
unravel in detail the molecular and cellular interaction of probiotics with the hosts’ 
mucosal immune system in order to define more solid criteria for their selection as effec-
tive and safe immune intervention tools. The precise identification of active components 
involved in their beneficial effects is also needed. As previously described, some reports 
have suggested that probiotics could exert anti-inflammatory effects through the release 
of soluble factors (69, 70). Some authors have suggested that the protective effects of 
probiotics are mediated by their own DNA via TLR9 signaling. However, this effect 
seemed not to be restricted to probiotic DNA since the administration of other microbial 
DNA (i.e., from a non-probiotic E. coli strain) also ameliorated experimental colitis (64). 
By using cell wall mutants of lactobacilli, we could show some years ago that the com-
position of the cell wall can greatly influence the protective effect of the bacteria in a 
TNBS-induced colitis model 80. We recently showed that the protective effect of probi-
otic-conditioned DCs was TLR2- and NOD2-dependent, confirming the potential role of 
peptidoglycan (PGN) (37). Indeed, we could demonstrate that the oral or systemic 
administration of PGN purified from a protective strain is able to rescue mice from colitis 
in a NOD2-dependent way (Macho-Fernandez, submitted). Watanabe et al. 81 have 
recently shown that commercial/synthetic muramyl dipeptide (MDP), the common and 
minimal key motif of PGN detected by NOD2, is able to protect mice from colitis in a 
NOD2-dependent manner. They previously showed that the MDP activation of NOD2 is 
able to negatively regulate TLR2 responses, heightening the Th1 responses (82). They 
also reported that NOD2 transgenic mice are resistant to the development of experimen-
tal colitis (83). These findings could indeed support the hypothesis suggesting that 
NOD2 signaling has downregulatory activity and that mutations in NOD2 contribute to 
IBD by leading to excessive TLR2 cytokine responses. Since the mutations in the Card15 
gene (encoding for NOD2) have been involved in patients suffering from CD (54), we 
can speculate that the anti-inflammatory potential of LAB could be mediated through 
PGN and NOD2 signaling. Interestingly, the immune-modulation capacities of a certain 
number of lactobacilli were found to be largely modified after treating the bacteria with 
N-acetyl-muramidase (M1 enzyme). Interestingly, the sensibility of Lactobacillus strains 
to this treatment was negatively correlated with their in vitro IL-12 inducing capacity in 
murine splenocytes (84). Therefore, we hypothesize that all modification of the cell wall 
structure that can affect the PGN turnover, and the release of biological active muropep-
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tides could have a strong impact on the immune-modulation capacities of the bacteria 
and could help to explain the strain-specificity generally observed. Such results could 
also explain the low efficacy of probiotics in CD patients. We could expect that the selec-
tion of designer probiotics able to bypass the loss of NOD2 function in such patients 
could allow best efficacy of probiotics in CD.

It is becoming evident that a better knowledge about the probiotic mechanisms of 
action is necessary to select strains with an optimal efficacy improving the potential of 
probiotics in the treatment of IBD.

32.5  PROBIOTICS AND OBESITY

The intestinal microbiota is a complex symbiotic ecosystem which has the capacity 
to digest luminal components and to synthesize useful host nutrients, while stimulating 
immune defense mechanisms. Therefore, an equilibrium between microbial nutrient 
utilization and host nutrient production should be achieved (85). Given the worldwide 
epidemic in obesity, there is a growing interest in the interaction of the microbiota with 
the host in obese state. Colonization of germ-free mice with an “obese” microbiota 
resulted in a significant greater increase in total body fat than colonization with a “lean” 
microbiota. These findings suggested that the microbiota of obese individuals may be 
more efficient at extracting nutritional value from a given diet than the microbiota of 
lean individuals and that this trait is transmissible by the microbiota (16, 86). Moreover, 
dysbiosis has been reported both in human obese patients and in leptin-deficient obese 
(ob/ob) mice, showing a significant decrease of the main Bacteroidetes phylum (16, 87). 
Additionally, when obese patients lost weight over a one-year period, the proportion of 
Firmicutes became similar to that of lean individuals. Such modification of microbiota 
composition could therefore affect microbial fermentation of dietary polysaccharides 
that will influence the intestinal absorption of monosaccharides and short-chain fatty 
acids and consequently their conversion to more complex lipids in the liver and the 
deposit of lipids in adipocytes.

Regarding obesity, only few studies have addressed the potential effects of probiotics 
in the management of this disease. It has been shown that supernatants from lactobacilli-
treated adipocytes decreased the inflammatory-type response of lymphocytes, in correla-
tion with a reduction of leptin production (88). Also, a selected strain of Lactobacillus 
rhamnosus, able to produce conjugated linoleic acid, has been reported to protect mice 
from diet-induced obesity (89). Interestingly, the administration of prebiotics dietary 
fiber (oligofructose [OFS]), known to modulate the gut microbiota typified by increased 
bifidobacteria, was shown to improve high-fat-diet-induced diabetes in mice through a 
mechanism associated with endotoxaemia (90). Since obesity is presently viewed as an 
inflammatory disease, affecting both innate and acquired immune systems (91, 92), we 
could speculate that probiotics with potential anti-inflammatory properties could coun-
teract the development of complications associated with this pathology. Human microbi-
ome projects are in progress all around the word and could allow moving forward to the 
understanding of the complexity of the interaction of dietary factors, microbiota and their 
impact on metabolic diseases. It is now apparent that a multidisciplinary approach is 
required and it would be useful to line out specific strategies for the modification of the 
gut microbiota in order to impact on the occurrence of such diseases.
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32.6  CONCLUSIONS AND PERSPECTIvES

It is clear that the activities of probiotics are multifaceted and could either stimulate 
the immune system or regulate imbalanced immune disorders. Of the various mecha-
nisms that might be involved, the one that has devoted the most attention is the impact 
on immune regulation. This happens through specific interaction with dendritic cells 
and the induction of regulatory pathways. Promising results have been obtained in the 
treatment of certain diseases, in particular, allergy and certain types of IBD. However, 
their effectiveness is still quite variable and seems to be largely strain-specific. It has 
now become extremely urgent to unravel the possible mechanism of actions in more 
detail and to identify active components involved. The results will help to define the 
best criteria for selecting the most suitable probiotic strains, applicable in a variety of 
therapeutic or prophylactic approaches.

A better understanding of how diet influences each individual’s genetic potential, its 
overall performance and its susceptibility to disease, will greatly prepare the field for 
future applications. However, in parallel, a general legislation is required, regulating the 
use of both dietary supplements and functional foods in a medical and nutritional con-
text. In the field of nutritional science, current challenges include fundamental knowl-
edge and concrete regulations, allowing to provide efficient and safe strains to consumers 
(93). The rapidly evolving research field of probiotics is closely matched by an increased 
familiarity of probiotics to the general public. Functional food legislations are in evolu-
tion worldwide and should largely be considering two different applications of probiot-
ics: their use in foods or their use in medical applications. The FAO/WHO Working 
Group for the Evaluation of Probiotics in Food (94, 95) specifies that probiotics must be 
alive when administered, must have documented health benefits in the target host (96–
99), must be taxonomically defined at the genus, species, and strain level, and must be 
safe for its intended use. For foods, the United States specifies two types of claims, both 
requiring substantiation: the “disease/substance relationship” claim and the “disease/risk 
reduction” claim, described in detail in the “US Nutrition Labeling and Education Act” 
of 1990 [codified into regulations on January 6, (100)]. In addition, claims which relate 
the food to the normal structure or functioning of the human body are also allowed.

In contrast, in Europe, the “Council Directive 2000/13/EC on labeling, presentation 
and advertising of foodstuffs” (101) prohibits to link foods to any property related to the 
prevention, the treatment or the curing of a human disease. However, the regulation “EC 
1924/2006 on Nutrition and Health Claims made on Food” (102) specifies that health 
claims could describe or refer (1) to the effect of a nutrient or other substance on bodily 
functions, including psychological and behavioral functions, as well as slimming and 
weight control, and (2) to the reduction of disease risk and to children’s development 
and health. In Europe, the International Life Sciences Institute (ILSI, http://europe.ilsi.
org/passclaim) also defined some general principles and requirements. In addition, the 
PASSCLAIM document delivers criteria to assess the scientific support for claims on 
foods (103).

In Japan, probiotics can be submitted under the Foods for Specified Health Uses 
(FOSHU). When approved, the producer is allowed to put a special label on the pack-
age, proving that the health claim made was approved by the ministry of health, based 
on a scientific dossier.

http://europe.ilsi.org/passclaim
http://europe.ilsi.org/passclaim
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For nonfood use, the FAO/WHO definition was sufficiently broad to also deal with a 
range of probiotic applications which go beyond what is expected from a food or a 
dietary supplement: a probiotic microorganism(s) may be used orally in (1) drug appli-
cations (often referred to as “live biotherapeutics”), (2) microbial feed (animal use), (3) 
genetically modified organisms, and (4) live vaccines. Requirements for efficacy and 
safety evaluation are different for these different applications. For example, a probiotic 
used as a drug must not only fulfill the general FAO conditions stipulated above, but 
also be in agreement with the existing national regulations and guidelines on good clini-
cal practices.
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33 Prebiotics in Immuno-Modulation 
for Treatment of Acute Pancreatitis

Refaat A. Hegazi

Key Points

Intestinal mucosal immune system plays a significant role in the pathogenesis of •	
severe acute pancreatitis and its associated complications.
Prebiotics restore intestinal bacteria flora in patients with severe acute pancreatitis. •	
Moreover, they exert beneficial anti-infective and metabolic effects. Earlier stud-
ies show that prebiotics improve clinical outcome in patients with severe acute 
pancreatitis.
More research is warranted to study the effects of different prebiotics and optimal •	
doses of prebiotics on the clinical outcome in patients with acute pancreatitis.

Key Words: Acute pancreatitis, prebiotics, enteral nutrition, nutritional immuno-
modulation.

33.1  INTRODUCTION

Within the last decade, the concept of modulating the intestinal mucosal immune 
system by altering the intestinal bacterial flora with probiotics and prebiotics has grown 
significantly. Moreover, scientific interest in the potential therapeutic use of probiotics 
and prebiotics in the management of different gastrointestinal diseases, including acute 
pancreatitis, has equally expanded. Probiotics are broadly defined as live microorgan-
isms which when administered in adequate amounts confer a health benefit to the host. 
Consistently, recent literature fosters the hypothesis that probiotics confer a wide range 
of immune- and disease-modulating effects that make these microorganisms a favorable 
therapeutic target of a variety of diseases, both in animal models and in humans. 
Prebiotics are indigestible food products that promote the growth and/or the functional 
metabolic activities of beneficial intestinal bacteria. In order to meet the definition of 
prebiotics, a substance should have three properties. It should resist degradation by 
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gastric acid as well as enzymatic degradation by pancreatic and intestinal enzymes. 
Lastly, it is selectively fermented by intestinal beneficial bacteria (e.g., lactobacilli and 
bifidobacteria), thus promoting the proliferation and/or activity of these bacterial 
strains. Examples of prebiotics are fibers (e.g., oat, gum arabic) inulin-like prebiotics 
(e.g., inulin, fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS)), polydex-
trose, and polyols like lactulose and lactitol. Examples of food sources rich in prebiotics 
are whole grain, honey, banana, garlic, onions, leeks, and artichokes. The use of prebiot-
ics to modulate the intestinal flora and the gut immune system in patients with acute 
pancreatitis is a novel area of investigation that warrants further studies. In this chapter, 
we will review the pathogenesis of the disease and the potential applications of using 
prebiotics in patients with acute pancreatitis.

33.2  PATHOGENESIS AND DIAGNOSIS OF ACUTE PANCREATITIS

Acute pancreatitis continues to be an increasingly prevalent disease. It contributes to 
200,000 hospital admissions each year. Approximately 70–80% of cases are mild to 
moderate while the disease is severe and associated with life-threatening complications 
in 20–30% of cases.

Clinically, patients with acute pancreatitis present with acute postprandial abdominal 
pain usually in the epigastric area or left upper quadrant that radiates to the back. The 
exact onset of the pain is often missed by the patient. Physical signs are few; upper 
abdominal tenderness may be palpated. In some patients, when peri-pancreatic exudates 
from pancreatic necrosis leak along the falciform ligament and into the retroperitoneum, 
skin discoloration in the periumbilical region is known as Cullen’s sign. In addition to 
the abdominal pain, elevation of serum levels of the pancreatic enzymes, amylase and 
lipase, remains to be an important diagnostic test of acute pancreatitis. Serum lipase 
levels are especially important in the follow up of the course of the disease.

Major causes are gall stones and alcohol, attributing to approximately 70% of the 
cases of acute pancreatitis. Other causes include hypertriglyceridemia, ERCP, hypercal-
cemia, and drugs. In most of cases, the etiology of the disease can be identified by a 
comprehensive clinical history (e.g., alcohol abuse), physical examination, laboratory 
measurements (e.g., hypertriglyceridemia), and radiological methods (e.g., gall stones). 
However, a clear etiology cannot be identified in many cases.

Pathologically, acute pancreatitis is inflammation of the pancreatic acinar cells. The 
exact pathogenic mechanism of acute pancreatitis remains to be determined. However, 
it is related to the unregulated activation of the pancreatic enzyme trypsin within the 
 pancreatic acinar cells. Normally, trypsin activation is regulated by several protective 
mechanisms. These include the synthesis of the enzyme in its inactive enzyme trypsino-
gen form, enzyme compartmentalization, synthesis of trypsin inhibitors such as the 
serine peptidase inhibitor, Kazal type 1 (SPINK1) protein, and low levels of intracel-
lular ionized calcium ion concentrations. Failure of these regulatory mechanisms (e.g., 
SPINK1 genetic mutations, hypercalcemia) leads to the uncontrolled activation of 
trypsin which can result in auto-digestion of the pancreatic gland tissue, triggering 
the initial local pancreatic inflammatory hit. This local inflammation is mediated by the 
release of  several proinflammatory mediators and enzymes which perpetuates the 
inflammatory cycle. For instance, there is an associated stimulated secretion of 
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the proinflammatory cytokines, tumor necrosis factor (TNF), interlekin-1 (IL-1) and 
interleukin-6 (IL-6) as well as the chemokine interleukin-8 by local inflammatory neu-
trophils, macrophages, and lymphocytes. Concomitantly, the activation of other tissue 
injury mediators such as the enzymes elastase and phospholipase A2, the complement 
and kinin pathways also takes place. This proinflammatory response is associated with 
increased secretion of the anti-inflammatory cytokine interleukin-10 in an attempt to 
limit the excess inflammatory response. Failure of regulating these anti-inflammatory 
and cellular cascade results in possibly an exaggerated inflammatory response that 
characterizes acute pancreatitis. This initial cellular injury is characterized by local peri-
pancreatic inflammatory cellular and fluid accumulation.

In severe acute pancreatitis, systemic inflammatory and cellular changes occur in 
other body parts leading to distant organ dysfunction (severe inflammatory response 
syndrome, SIRS). The pathogenesis of severe acute pancreatitis-associated SIRS is 
thought to be a result of a “two hit” disease. The first hit is driven by the pancreatic 
acinar cellular reaction to an initial insult (e.g., gall stones, alcohol). The result of the 
first hit is a leak of the highly proteolytic pancreatic enzymes resulting in local inflam-
matory reaction, with the recruitment of inflammatory cells to the pancreatic injury site. 
A more exacerbated inflammatory response could result in pancreatic acinar cellular 
necrosis, the formation of pseudocysts and abscess formation. Consequently, the “sec-
ond hit” is mainly induced by distant organ inflammatory reaction attributed to the leak 
of inflammatory molecules to distant organs via the systemic circulation. In a severe 
form of the disease, these systemic inflammatory changes could be life threatening as a 
result of multiorgan failure (MOF), especially the lungs, kidneys, and hematopeotic 
system. Studies have shown that reversal of MOF eliminates the mortality risk associ-
ated with severe acute pancreatitis.

33.3  ROLE OF THE GUT IN ACUTE PANCREATITIS

The intestinal tract plays a significant role in the pathogenesis of acute pancreatitis 
and its associated complications. Importantly, the septic complications of severe acute 
pancreatitis are thought to be related to the translocation of microbes to the pancreas 
from other organs (bacterial translocation), primarily the intestinal tract.

Experimental studies and aspirate culture studies of peri-pancreatic fluid collections 
suggest that the gut is the major site of bacterial translocation to the pancreatic site caus-
ing peri-pancreatic infections and infected bacterial necrosis. In critically ill patients 
with SIRS (either due to severe acute pancreatitis, burns or trauma), the gut is consid-
ered the “undrained abscess” responsible for multiorgan failure (1).

Studies have highlighted the importance of the “intestinal barrier” mediating  bacterial 
translocation. Intestinal epithelial cells do not merely function as a physical barrier 
against invading pathogenic bacteria but also exert powerful immunomodulatory effects 
on the gut-associated lymphoid tissue. The intestinal epithelial cells are coated by a 
“glycocalyx” layer consisting of a mix of glycoproteins and mucin that serves as the 
first check-point against pathogen invasion and penetration. The intestinal epithelial cell 
membrane provides an extra layer of epithelial resistance against bacterial penetrance. 
The joining intestinal epithelial cells “tight junction” also plays an essential role in 
maintaining the integrity of the “intestinal barrier”.
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In patients with acute pancreatitis, three interrelated pathological changes of the 
intestinal tract that have been described: intestinal mucosal barrier dysfunction, lack of 
homeostatic effects of enteral nutrients, and changes in the composition of intestinal 
luminal bacteria.

33.3.1  Intestinal Mucosal Barrier Changes
Studies of experimental models of severe acute pancreatitis have consistently showed 

a significant intestinal mucosal dysfunction that correlates with the onset and progres-
sion of the disease. For instance, Rahman et al. (2), showed decreased intestinal blood 
flow in animal models of acute pancreatitis. This intestinal hypoperfusion could be 
attributed to several factors like increased plasma viscosity and significantly slower 
blood sedimentation as a result of vascular changes concomitant with acute pancreatitis. 
Moreover, Wang et al. (3) showed increased apoptosis of intestinal cells in severe acute 
pancreatitis. Consistent with these experimental studies, changes of intestinal permea-
bility “leaky gut” have been also described in patients with acute pancreatitis, especially 
the severe form of the disease. For instance, in an important study by Liu et al. (4), 
intestinal permeability, as measured by the differential lactulose–mannitol absorption 
was significantly impaired in patients with severe acute pancreatitis. Interestingly, the 
severity of intestinal dys-permeability was positively associated with the severity of the 
disease. Ammori et al. (5) have also shown that intestinal permeability changes in 
patients with severe acute pancreatitis correlate with endotoxemia in these patients.

33.3.2  Role of Enteral Nutrients in Patients with Acute Pancreatitis
Compared to parenteral, enteral nutrition is associated with a lower rate of infectious 

complications, shorter hospital stay, and less mortality rates in patients with severe 
acute pancreatitis. The exact mechanism of these protective effects of enteral nutrition 
remains to be elucidated. Interestingly, mechanistic studies of markers of systemic 
inflammatory response failed to show differences between the two nutritional support 
methods. For instance, Powell and colleagues (6) studied the serum levels of the inflam-
matory marker C-reactive protein (CRP) and cytokines (IL-6 and TNF) of two groups 
of patients with severe acute pancreatitis either enterally or parenterally fed. No signifi-
cant differences were detected between the two groups. These results suggest that the 
immunomodulatory effects of enteral nutrition may have been mediated by its effects 
on the intestinal mucosal functions. Due to difficult sampling, the intestinal mucosa in 
critically ill patients with acute pancreatitis, the exact effects of enteral nutrition on 
intestinal mucosal functions, and structure in acute pancreatitis is difficult to discern in 
human subjects. However, compelling evidence suggests that enteral nutrients possess 
trophic effects on the enterocytes, stabilizing the structure and/or function of the intes-
tinal barrier and maintaining the functional integrity of both intestinal and systemic 
immune compartments which ultimately decreases the risk of bacterial translocation. 
As patients with acute pancreatitis experience food-induced abdominal pain and food-
stimulated pancreatic secretion, they decrease their food intake, before they even seek 
medical care. Therefore, it may be hypothesized that the intestinal functional and struc-
tural changes associated with acute pancreatitis could be attributed to the lack of trophic 
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effects of nutrients on enterocytes. In the next section, we will highlight the molecular 
and immunological effects that dietary factors exert on the intestinal mucosal immune 
system and how these effects mediate the trophic effects of enteral nutrients.

Nutrients exert homeostatic effects on both the intestinal immune system by regulat-
ing the expression of intestinal cytoprotective and inflammatory molecules. For 
instance, dietary glutamine has been shown to induce the expression of hemoxygen-
ase-1 enzyme, a major cytoprotective molecule against intestinal injury and inflamma-
tion (7) by the duodenal enterocytes. In addition to its homeostatic effects on the 
intestinal epithelial cells, diet exerts immunomodulatory effects on the GALT. For 
instance, Ma and colleagues reported that mice fed a high-fat diet were more susceptible 
to chemically induced colitis. These mice also had higher numbers of non-CD1d-
restricted natural killer T cells in colonic intraepithelial lymphocytes (IELs) compared 
with mice fed a normal diet. This subset of intestinal T-cells attained a very active phe-
notype expressing the proinflammatory T-helper-1 (Th1) cytokines, TNF-a and inter-
feron-g, having been up-regulated by a high-fat diet. Interestingly, mice fed the high-fat 
diet also had decreased levels of colonic regulatory T-cells (8). Consistently, dietary fat 
induces toll-like receptor-4 (TLR-4)-mediated signaling both in macrophages and adi-
pocytes (9). TLR-4 receptors are transmembrane pattern recognition receptors that are 
also activated by the bacterial product lipopolysaccharide. Collectively, these studies 
advance our understanding that IELs are a subset of intestinal mucosal cells that are 
very responsive to dietary antigens.

Interestingly, a network of inflammatory cytokines allows an immunologic dialogue 
between dietary nutrients, IELs and another important subset of intestinal mucosal cells, 
the intestinal epithelial cells (IECs). IECs are potent immune cells that modulate the 
immune system by secreting cytokines and chemokines (e.g., IL-6, IL-8 and IL-15). 
The function of these cytokines is mainly to recruit immune cells from the systemic 
circulation to the site of tissue injury. In addition, IECs secrete another important 
pluripotent growth factor for the survival of T-cells, interleukin-7 (IL-7). For instance, 
IL-7 stimulates the expression of Glut-1 transporter, necessary for glucose utilization by 
the T-cells. Interestingly, IL-7 administration enhances both intestinal epithelial and 
peripheral lymphocyte numbers and function.

Interestingly, new evidence suggests that IEC-derived IL-7 and IELs play a major 
role in intestinal mucosal adaptation to nutritional changes. For instance, a recent ani-
mal study showed that mice receiving total parenteral nutrition (TPN) but no enteral 
feeding showed significantly inhibited IL-7 secretion by the IEC compared with mice 
fed regular chow and intravenous solution (10). The study also showed that this inhib-
ited IL-7 secretion by IECs in the TPN group was associated with significant changes 
in the IEL phenotype (decreased IEL proliferation and number). Moreover, animal stud-
ies show that TPN-administered mice have significantly decreased IEL-derived secre-
tion of the anti-inflammatory cytokine IL-10 and significantly increased secretion of the 
proinflammatory cytokine IFN-g. These immunologic changes were associated with 
declined epithelial barrier function.

Collectively, these findings implicate the important role of dietary factors in  activating 
and maintaining the functional integrity of intestinal inflammatory cells.

In addition to these significant effects of dietary factors on the intestinal immune 
system, diet is also a major homeostatic factor of systemic immune responses. For 
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instance, glutamine and glucose constitute the main nutrient sources for peripheral 
 lymphocytes. In patients with acute pancreatitis, the lack of these homeostatic effects of 
nutrients could add to the immuno-compromised state and susceptibility for infectious 
complications. Consistently, recent studies have shown that patients with severe acute 
pancreatitis exhibit a characteristic depletion of subsets of T- and B-lymphocytes early 
in the course of the disease, which could be explained by the lack of trophic effects of 
nutrients on lymphocytes.

Another important dietary factor that plays a major role in modulating the immuno-
logic effects of GALT is the undigested carbohydrate that stimulates the growth of 
beneficial intestinal bacteria or the prebiotics. Studies have shown that prebiotics acti-
vate immunologically active cells leukocytes in the GALT. Prebiotics also enhance the 
secretion of antimicrobial molecules, bacteriocins, and IgA. They also acidify the intes-
tinal luminal contents via increased production of short chain fatty acids. Importantly, 
one of the short chain fatty acids (butyrate) has been shown to exert anti-inflammatory 
effects in models of intestinal inflammation.

33.3.3  Role of Intestinal Bacterial Flora in Patients with Acute Pancreatitis
The intestinal tract is bathed with intestinal bacteria with the total number of intes-

tinal luminal bacteria averaging ten times more than the mammalian cells. 
Immunologically, intestinal intraluminal bacteria are essential for maintaining the 
function of the intestinal epithelial cells. For instance, luminal bacteria are essential for 
the optimal expression of intestinal cellular cytoprotective enzymes. Rakoff-Nahoum 
et al. (11) have shown that the intestinal expression of the cytoprotective protein heat 
shock protein-70 (HSP-70) is less in mice treated with an oral broad spectrum antibi-
otic as compared to its expression in the intestine of the control mice. This study high-
lighted the importance of intestinal bacteria as a crucial mechanism of maintaining the 
integrity of the intestinal mucosa and modulating the extent of intestinal mucosal 
inflammation. In agreement, animal models of inflammatory bowel disease do not 
develop colitis when bred in germ-free conditions. These experimental studies had 
human implications. For instance, modulating the intestinal luminal bacteria with pro-
biotics have been shown to improve the intestinal permeability and induce the expres-
sion of tight junction proteins. Interestingly, recent in vitro studies suggest that a 
degree of selectivity of the intestinal immunomodulatory effects of probiotics exists 
and that these effects are strain- or even species-specific. For instance, the binding of 
intestinal epithelial cells to the pathogenic bacteria, salmonella, was competitively 
inhibited by some probiotics strains, not others. Consistently, probiotics have been 
used effectively in the management of some  intestinal diseases like pouchitis, antibi-
otics-associated diarrhea and irritable bowel syndrome.

Recent studies have affirmed that characteristic changes exist in the composition of 
intestinal bacteria of patients with severe acute pancreatitis. These include depletion of 
the beneficial intestinal bacteria such as lactobacillus. These changes correlate with the 
onset of pancreatitis (12, 13). In addition to the depletion of the beneficial intestinal 
luminal bacteria, an overgrowth of colonic pathogens occurs in patients with severe 
acute pancreatitis. Collectively, these results implicate the significant role of intestinal 
luminal bacteria in the pathogenesis of the acute pancreatitis.
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33.4  MODULATING THE LUMINAL INTESTINAL  
BACTERIA IN ACUTE PANCREATITIS

Given the aforementioned imbalance of intestinal bacteria flora characteristic of 
patients with acute pancreatitis, the use of probiotics, prebiotics, and synbiotics (a com-
bination of probiotics and prebiotics) to modulate the intestinal luminal bacteria had 
been investigated as a therapeutic intervention especially in patients with severe acute 
pancreatitis, with mixed results (Table 33.1).

Probably, the first prospective clinical study to investigate the effect of prebiotics, not 
supplemented with probiotics in patients with acute pancreatitis was by Karakan et al. 
(14). The authors randomized 30 patients with severe acute pancreatitis into two groups. 
The two groups received 2,000 kcal per day of isocaloric and isonitrogenous jejunal 
feeding (35% lipids and 20% proteins) supplemented with peripheral parenteral nutri-
tion solution containing 120 g/L of glucose and 50 g/L aminoacid and 20% lipid solu-
tion. One group received Multifibers-supplemented tube feeding formula including 0.7 
g/100 ml of soluble fibers and 0.8 g/100 ml insoluble fibers, a total of 24 g of fiber per 
day and compared to the other group (15 patients in each group). Patients in the two 
groups were similar in age, sex, BMI, the interval between the onset of symptoms and 
admission and the severity of disease as measured by APACHE II score and Balthazar 
CT scores. The study showed that the duration of hospital stay was shorter in the prebi-
otics group as compared to the control group (10  ±  4 vs. 15  ±  6, respectively). Overall 
complications rate was less in the prebiotics group than in the control group (46.6 vs. 
60%, p  <  0.05). Importantly, markers of systemic inflammatory disease and disease 
severity (CRP and APACHE II and CT scores) were normalized earlier in the prebiotics 
group than in the control group. In conclusion, the supplementation of jejunal feeding 
with the high dose of prebiotics mix (insoluble and soluble fibers) improved clinical 
outcome and dampened systemic inflammatory disease in patients with severe acute 
pancreatitis. Unfortunately, this study did not investigate the effects of prebiotics sup-
plementation on the composition of the intestinal bacterial flora. It would be interesting 
to correlate clinical findings with the expansion of a specific strain or species of intes-
tinal bacteria, which could be enhanced by this prebiotics mix.

The potential benefit of probiotics in patients with severe acute pancreatitis has also 
been investigated. Recently, in a large multicenter double blind placebo-control clinical 
trial, the effectiveness of probiotics in patients with predicted severe acute pancreatitis 
was tested. Besselink and collegues (15) recruited 298 patients with predicted severe 
acute pancreatitis. Patients were randomized into two groups: one received a multispe-
cies probiotic mix and the other group received placebo. However, both groups received 
fiber-supplemented (49% prebiotic fiber inulin and oligosaccharides) enteral feeding 
formula-fed jejunally via a nasojejunal tube. The probiotic mix was a combination of six 
lactobacillus and bifidobacterium species. These probiotics were selected on the basis of 
their capacity to inhibit the growth of the pathogens most often cultured from infected 
necrotizing pancreatitis in vitro. The authors stated that probiotics species reported to 
have been associated with an infectious complication irrespective of the disease were 
excluded. The authors used a daily dose of 1010  bacteria per patient. Patients were 
assigned to receive the probiotics or placebo at the first occasion after randomization but 
no later than 72 h after the onset of symptoms of pancreatitis. The primary study end-
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points were the composite of infectious complications (including infected pancreatic 
necrosis, bacteremia, pneumonia, urosepsis or infected ascites) during admission and 90 
days follow-up. The study showed that there was no difference in the rate of infectious 
complications between the probiotics group as compared to placebo (30 vs. 28%, respec-
tively, p  >  0.05). However, patients in the group of this selection of probiotics experi-
enced more mortality and bowel ischemia than placebo group (mortality of 16 vs. 6% 
and bowel ischemia of 6 vs. 0%, respectively). The study concluded that prophylaxis 
with this specific mix of probiotics should not be administered in patients with predicted 
severe acute pancreatitis. The aforementioned study suffered few methodological con-
cerns which were extensively discussed by other investigators (16). To summarize, ques-
tions were raised regarding the use of this specific mix of probiotics and the lack of 
clinical studies demonstrating safety of the mix as well as lack of studies on doses of this 
mix. Given the lack of difference in the rate of infectious complications between the two 
groups and the fact that gut ischemia was more common in the probiotics group, some 
investigators raised the concern that the observed increased mortality was indeed a 
reflection of poor randomization. A closer look at the study design reveals another 
important observation; both the study and control groups had used fiber-supplemented 
tube-feeding formula. Accordingly, it could be hypothesized that the addition of prebiot-
ics to the tube feeding could have an effect on the composition of the patients’ intrinsic 
intestinal bacterial flora which may have confounded the clinical effects of the tested 
probiotics. One of the questions that arise is whether the bifidogenic effects of prebiotics 
added to the probiotics increased the total intestinal bacterial count in the experimental 
group, creating a situation of “iatrogenic bacterial overgrowth”. Similarly, it could be 
further questioned whether the clinical outcomes of the aforementioned study was biased 
by a more favorable one in the prebiotics-supplemented enteral feeding group. In agree-
ment with this postulation, the aforementioned studies showing the favorable effects of 
prebiotics supplementation of enteral feeding on clinical outcome in patients with severe 
acute pancreatitis as compared to nonsupplemented enteral feeding formula foster our 
observation. Collectively, with the lack of fecal microbiological analysis in the afore-
mentioned studies testing the role of combining probiotics and prebiotics in patients with 
severe acute pancreatitis, it is difficult to relate observed clinical effects to the adminis-
tered probiotics or to the patients’ own intrinsic bacteria being stimulated by the used 
prebiotics. For such studies, we suggest the use of three study groups, a nonsupple-
mented enteral feeding group, an only prebiotics group and a symbiotic group.

Based on the previous study, prebiotics would have the potential advantage of 
 promoting patients’ own commensal beneficial intestinal bacteria without undesired 
risks of introducing exogenous bacterial species.

Earlier studies have shown that the use of synbiotics reduces bacterial translocation 
and inhibit the extent of cellular injury in different models of stress (17). For these rea-
sons, the effectiveness of synbiotics in the management of patients with acute pancreati-
tis has been investigated. For instance, Olah and collegues randomized 45 patients with 
acute pancreatitis into two groups (18–20). Both groups received jejunal feeding of iso-
caloric feeding formulas supplemented with 10 g of oat fiber. The treatment group (22 
patients) received live lactobacillus plantarum 299, 109  organisms during the first 7 days 
and the control group (23 patients) received a similar dose of heat-inactivated lactobacil-
lus plantarum 299. Severe acute pancreatitis was diagnosed in 15 patients in the control 
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group and in 17 patients in the synbiotics group. The outcome variables studied were 
rates of pancreatic necrosis and infection (diagnosed by culture and gram staining of 
samples obtained by CT or ultrasonographically guided fine-needle aspiration or through 
direct samples from the pancreatic tissue if laparotomy was required), organ failure, 
septic complications requiring surgical procedures, length of hospital stay, and death. Of 
all the outcome measures, the rate of pancreatic infection was significantly lower in the 
synbiotics group than the control group (30 vs. 5%, p  <  0.05). Moreover, patients requir-
ing surgical interventions were fewer in the synbiotics group as compared to the control 
group (22 vs. 5%, p  <  0.05). The same group recently studied the effectiveness of 
another synbiotics (a mix of four different lactobacillus genera and four different plant 
fibers)-supplemented jejunal feeding in patients with severe acute pancreatitis. The study 
included 62 patients and feeding was initiated within 24 h after admission. Consistently, 
the study showed that septic complications related to pancreatitis (infected pancreatic 
necrosis or abscesses) were significantly lower in the synbiotics group.

33.5  CLINICAL EFFECTS OF PREBIOTICS IN PATIENTS  
WITH ACUTE PANCREATITIS

Interestingly, beyond their inherent advantage of restoring intestinal luminal bacteria 
prebiotics exert metabolic effects that could add to their clinical benefits in patients with 
acute pancreatitis.

33.5.1  Metabolic Effects
Patients with acute pancreatitis in need of enteral feeding experience a variety of 

other concomitant ailments that may associate or predispose to increased morbidity and/
or mortality. Besides their ability to promote bacterial proliferation and activity, prebiot-
ics possess distinct metabolic and endocrinal effects. In the next paragraph, we will 
discuss the clinical effects of prebiotics that could affect the course of the disease added 
to their inherent effects of stimulating the proliferation of intestinal bacterial flora and 
possibly inhibiting bacterial translocation.

For instance, inulin-like prebiotics possess low calorie content and get degraded 
 distally in the intestinal tract by colonic bacteria making them a favorable source of 
carbohydrate for critically ill patients with stress-induced hyperglycemia, patients with 
insulin resistance, and in diabetic patients as well.

Similarly, studies have shown that prebiotics exert antihypertriglyceridemic effect. 
These interesting findings were described initially in animal studies when rats were fed 
significant amounts of FOS (50–200 g/kg of rat chow) supplemented in their diet (21). 
The study showed that FOS significantly lowers fasting triglyceride concentration. The 
same group of investigators later suggested that glucagon-like peptide1 (GLP-1) may 
mediate the lipid-lowering properties of FOS in rats (22). A recent meta-analysis by 
Brighenti pooling the human studies of inulin-like prebiotics, especially inulin and 
FOS, on serum triglycerides, the intake of inulin-like prebiotics was associated with 
significant decreases in serum triglycerides by 0.17 mmol/L (23).

Prebiotics also stimulate the absorption of electrolytes especially magnesium and 
calcium making them favorable in patients with acute pancreatitis who are at risk of 
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nutritional depletion as part of the disease process. However, conflicting results of the 
effects of different types and doses of prebiotics on mineral absorption make it difficult 
to give specific recommendations until more research is conducted.

33.5.2  Anti-infective Effects
Critically ill patients with acute pancreatitis, especially the severe form of the disease 

are prone to increased risks of superimposed infection. For instance, Bessilink and 
 colleagues recently showed in their study of 173 patients with acute pancreatitis that 
infections occur early in the course of disease and that 80% of patients who died of the 
disease had infections. They also reported that in patients with parenchymal pancreatic 
necrosis, bacteremia was associated with increased risk of infected necrosis. The 
authors concluded that infections have a significant impact on mortality and that 
 prophylactic measures should focus on early intervention (24).

Studies have shown that prebiotics promote the proliferation and/or the metabolic 
activities of beneficial intestinal bacteria which may competitively inhibit the binding 
of pathogenic bacteria to the intestinal epithelial cells. For instance, et al studied the 
effects of dietary supplementation of FOS on the intestinal bacterial composition. They 
have shown that FOS promotes the growth of bifidobacteria. In addition to the inulin-
like prebiotics some fibers like oat and gum arabic exert the same prebiotic effect. 
Consistently, both in vitro and in vivo studies show that prebiotics could be used effec-
tively in the management of intestinal infections. For instance, FOS has been shown to 
induce colonization resistance to C. difficile. In addition, in a large well-designed rand-
omized clinical trial, Lewis and colleagues randomized 142 patients with C. difficile 
after initial treatment with antibiotics into two groups: one group received FOS (12 g/
day) and was compared to a placebo group receiving sucrose. Both groups were fol-
lowed for a period of 30 days. The study showed a significant reduction in the relapse 
rate of diarrhea in the prebiotics group as compared to placebo (8.3 vs. 34.3%, 
p  <  0.001, respectively). Importantly, stool culture showed increase in fecal bifidobac-
teria from baseline in the prebiotics group (25). It could be hypothesized that the favo-
rable effects of the prebiotic fibers on the intestinal function and their ability to reduce 
intestinal infections could partly explain their favorable clinical outcome in patients 
with acute pancreatitis, especially in the severe form of the disease. In agreement, a 
recent study in 342 infants compared the effects of prebiotics (galacto- and fructo-oli-
gosaccharides) supplemented formula on the incidence of intestinal and respiratory tract 
infections as compared to nonsupplemented formula. The study showed that the inci-
dence of gastroenteritis and the percentage of children with multiple antibiotic courses/
year was lower in children receiving prebiotics as compared to the control group (26).

33.6  SIDE EFFECTS OF PREBIOTICS IN PATIENTS WITH SEVERE 
ACUTE PANCREATITIS

Generally, reports of harmful effects of inulin like fructans and soluble fiber prebiotics 
are scarce. However, case reports related the use of insoluble fiber-supplemented tube 
feedings to the increased risk of intestinal ischemia. There is no controlled randomized 
study to substantiate such findings. The use of a blend of soluble and insoluble fibers may 
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mimic the normal dietary fiber intake. Interestingly, the aforementioned study by Karakan 
and colleagues is probably the first controlled study to use of a blend of soluble and 
insoluble fibers in critically ill patients with severe acute pancreatitis (14). In contrast, the 
study showed improved clinical outcomes in the group receiving the fiber-supplemented 
jejunal feeding. Moreover, fiber-supplemented feeding associated with reduced mortality 
was reported in this. No incidents of intestinal ischemia were reported.

A clinically relevant issue is whether the use of fiber-supplemented tube feeding for-
mulas may potentially increase the osmolality of the feeding formula which may be asso-
ciated with any unwanted gastrointestinal symptoms of intolerance like flatulence, 
bloating, and possibly diarrhea in patients with acute pancreatitis. Consistently, an earlier 
study by Sobotka et al. (27) investigated the gastrointestinal effects of inulin- supplemented 
formula on 9 patients with gastrointestinal diseases (3 inflammatory bowel disease, 2 
chronic pancreatitis, and 1 duodeno-pancreatectomy). Patients received jejunal feeding 
formula for 1 week and the then inulin was dissolved in water and added to the formula 
for another week. The study showed that inulin supplementation of jejunal feeding 
increased flatulence and increased stool frequency and consistency, though not statisti-
cally different before the use of inulin. This increased intolerance associated with the 
supplementation of inulin in large doses (30–37.5 g/day/patient) dissolved in water and 
added to the feeding formula may have been explained by substantial increases in formula 
osmolality and potential formula contamination. Importantly, this study suggests that the 
gastrointestinal effects of prebiotics may be dose-dependent. Consistently, in the early 
mentioned study by Lewis et al. (25) demonstrating beneficial effects of FOS on C. diffi-
cile relapse, the authors reported in a pilot work of their own that when patients received 
higher doses of FOS, they experienced bloating and discomfort. Therefore, the appropri-
ate dose of and the differences between prebiotics strains should be thoroughly considered 
when comparing the gastrointestinal effects of different prebiotics. Consistently, a meta-
analysis of the clinical and physiological effects of fiber-containing enteral feeding formu-
las indicate that supplementing enteral formulas with mixtures of fiber may mimic the 
dietary recommendations and be more favorable than with single fibers (28).

33.7  DISTINCT EFFECTS OF DIFFERENT PREBIOTICS?

Akin to probiotics, the clinical effects of prebiotics may differ based on the disease 
setting and on the probiotics species used in the study. For instance, while the use of the 
probiotics strain Saccharomyces bolardii was consistently shown to prevent recurrent C. 
difficile colitis, the effectiveness of another probiotics strain, Lactobacillus GG, is incon-
sistent. Whether there are differences in clinical effects of different types of prebiotics 
used in the nutritional management of patients with acute pancreatitis is still to be eluci-
dated. Before we address the question whether all prebiotics exert the same immunomod-
ulatory effects in patients with severe acute pancreatitis, let us review the available data 
on the prebiotics types used to supplement enteral feeding formulas. The main sources of 
prebiotics supplemented to the tube-feeding formulas belong to either fibers (like oat, gum 
Arabic), a group of prebiotics called inulin-like prebiotics or commonly a mix of more 
than one type. The inulin-like prebiotics includes a group of  oligo-saccharides that vary 
depending on the degree of polymerization (PD). For instance, FOS has a shorter PD than 
inulin with the assumption that the shorter the PD the more chances these will be fer-
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mented proximally in the colon without causing gastrointestinal intolerance. The scientific 
evidence of this assumption is still needed. Although studies have compared the bifidog-
enic effects of different prebiotics, comparative studies of clinical effects are still missing. 
For instance, earlier work by Gibson and Wang (29) showed that FOS possesses a signifi-
cant bifidogenic effects as compared to sucrose and inulin. However, in vivo studies sup-
plementing human subjects with either fiber did not reveal any significant differences, 
although a trend of higher bifidogenic effect of FOS as compared to inulin. Importantly, 
the bifidogenic effect of different prebiotics in human subjects is certainly confounded by 
the composition of the individual’s own intestinal bacterial flora. Interestingly, current 
evidence suggests that the host original intestinal bacterial composition content may play 
a critical role determining the bacterial enhancing effects of prebiotics. However, whether 
these differences in physical characteristics translate into distinct clinical effects  especially 
in patients with acute pancreatitis remain to be investigated.

33.8 CONCLUSIONS AND PERSPECTIVES

In conclusion, prebiotics restore the balance of the beneficial and pathogenic intesti-
nal bacteria. They also restore the homeostatic functions of the gut-associated lymphoid 
tissue. These effects of prebiotics make them a very exciting nutritional intervention in 
patients with acute pancreatitis. Future areas of investigation are the selectivity and 
optimum doses of different prebiotics.
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Key Points

The human gastrointestinal tract harbors a vast ensemble of microbes representing •	
over 500 different species.
In a healthy state, a fine balance exists between the populations of health-promoting •	
and potentially harmful bacteria.
Gut microflora plays an important role in the development, maturation and function-•	
ing of the immune system.
Disruptions in the intestinal homeostasis result in increased susceptibility to infec-•	
tious diseases, cancers and immunoinflammatory disorders.
Many factors such as enteric infections, intake of antibiotics and stress could disturb •	
the intestinal microbial homeostasis.
Intake of probiotic organisms have been shown to restore/optimize gut microbial •	
 balance and promote health and well-being.
Lactobacilli and bifidobacteria are commonly used as probiotics.•	
Specific strains of probiotics are able to modulate the functioning of the immune •	
 system in health and disease. Probiotics enhance immune function in healthy individ-
uals, but down-regulate dysfunctional immune responses in subjects suffering from 
immunoinflammatory disorders such as allergies and inflammatory bowel diseases.
Probiotic-induced immune stimulation is associated with increased protection •	
against intestinal and extra-intestinal infections and cancers, and improved efficacy 
of vaccines.
The mechanisms by which probiotics mediate their disparate immunological effects •	
in health and disease are not fully understood.
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34.1  INTRODUCTION

Colonization of the mammalian gastrointestinal tract (GIT) begins immediately after 
birth, where the establishment and maintenance of the microbial community is influ-
enced by the method of birth, health status, the organism’s age, diet and the environment 
(1, 2). Bacterial populations in the infant colon progressively change from primary colo-
nizing facultative anaerobes, such as Escherichia ecoli and enterococci, to communities 
that contain increasingly diverse assemblages of strict anaerobes, until by about 2 years 
of age when they begin to resemble adult-like microbiotas (3). Some organisms are able 
to persist in the gut and become dominant populations, while in contrast other species 
are transient and may only be detectable for a few days (4). In order for the intestine to 
function optimally, however, the “balance” of the bacterial flora must be maintained, and 
this appears to be increasingly difficult as lifestyles have changed. An increase in stress 
and modern day living, which makes a consequential demand on the immune system, can 
disrupt homeostasis in the gut. Similarly, the direct effects of a change in dietary patterns 
and eating habits can affect overall gut functionality. Another contributory factor includes 
the consumption of pharmaceutical compounds, in particular antibiotics, which by 
design destroy bacteria, and therefore can have a harmful effect on the balance of the gut 
microbiota. All of these combine to shift the balance of the gut microflora away from 
potentially beneficial or health-promoting bacteria such as the lactobacilli and bifidobac-
teria, towards an increase in potentially harmful or pathogenic micro-organisms, like the 
clostridia, sulfate-reducers and proteolytic Bacteroides species. The predominance of the 
latter may pre-dispose towards a number of clinical disorders, including bowel cancer 
and inflammatory bowel diseases such as ulcerative colitis, while making the host more 
susceptible to infections by transient enteropathogens such as Salmonella, Campylobacter, 
certain species of E. coli and Listeria. It is of considerable benefit to the host, therefore, 
to maintain a good microbial community structure, through increased levels of bacteria 
such as lactobacilli and bifidobacteria, preferably at the expense of more harmful organ-
isms. This gives justification to the use of probiotics as a way forward for the prophylac-
tic treatment of enteropathogenic infections, as well as contributing towards protection 
against various intestinal diseases and disorders – especially those mediated by individ-
ual pathogens. What remains to be established is the extent to which probiotic organisms 
can be beneficial, to determine how any benefits may be manifested and to recognize any 
limitations (5–7).

Probiotics are defined as live microorganisms that when administered in adequate 
amounts confer a health benefit on the host (8). A wide variety of species and genera could 
be considered potential probiotics (9). Examples of commercially important probiotic 
strains include Lactobacillus (Lb) rhamnosus GG, Lb. casei Shirota, Lb. johnsonii La1 and 
B. lactis Bb12. While many health benefits of probiotics have been reported (10, 11), only 
a few including modulation of the immune system have been well documented (12).

The GIT comprises a highly dynamic environment, where nutritional, medicinal, 
hormonal, and endogenously synthesized molecules are utilized and metabolized by 
both the host and microbiota alike. However, evidence indicates that one should not 
consider gut microbiota as simply autonomous residents of the host GIT, but rather 
important contributors in defining the gut ecosystem (13). Previous research has impli-
cated nonpathogenic bacteria as factors regulating mucosal inflammation (14, 15) and 
host defense (1). Enteric bacteria have also been demonstrated to supply energy 
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 substrates to epithelial cells, such as short-chain fatty acids produced through bacterial 
fermentation (14). Indeed, an essential partnership has evolved between gastrointestinal 
epithelial cells, immune cells, and resident bacteria for which the normal function and 
activity of each is dependent on the other two components (2). However, it is poorly 
understood to what extent these microbial species can influence the development and 
functions of the host GIT. Although the focus here will be on commensal microbiota, 
that is, those microbial species present in the healthy gut, emerging evidence suggests 
that many microbial species (pathogenic, symbiotic, and commensal) rely on and/or 
exploit this partnership to survive. With over 400 different species thought to inhabit the 
adult gut, of which only a small percentage have been successfully cultured in vitro, it 
is clear that the complete understanding for the presence and function of all bacterial 
species is far from ascertained (10, 16, 17).

In addition to the differences in intestinal morphology and immune functions, the 
presence/absence of microbiota modulates water absorption, luminal pH, the concentra-
tion of deconjugated bile acids and the oxidation–reduction potentials of the gut (18). 
Furthermore, significant evidence indicates that the gut microbiota plays an important 
role in the metabolism and bioavailability of nutritional compounds, such as flavonoids 
(19), phytoestrogens (20, 21) and carbohydrates (22).

As hundreds of different microbial species may be present at any given time in the 
GIT, it has yet to be described how this complex bacterial community interacts with the 
host to modulate function along the length of the GIT. Certain differentially regulated 
genes contribute directly to significantly modified biological functions displaying 
regional specificity; however, the most significant biological processes altered in the host 
GIT by the presence of microbiota are immune response and water transport. Furthermore, 
immune response and water transport are consistently modulated in all GIT regions 
examined, reinforcing the concept that the normal healthy gut is, in part, dependent on 
the molecular relationship between the host and commensal microflora (23).

34.2  THE IMMUNE SYSTEM

In humans, the immune system is partially open to the external influences and its role 
becomes evident when it is defective. Thus, inherited and acquired immunodeficiency 
states are characterized by increased susceptibility to infections, sometimes caused by com-
mensal organisms not normally considered to be pathogenic. The immune system can be 
divided into two general classes: innate (natural or non-specific) and adaptive (acquired or 
specific) immunity, which work in concert. The adaptive immune system develops late in 
the phylogeny, and most species survive without it. However, this is not true for mammals, 
which have an extremely sophisticated adaptive immune system of both systemic and 
mucosal (local) type. There appears to be great redundancy of mechanisms in both systems 
providing robustness to ensure that essential defense functions are preserved (24).

34.3  INNATE IMMUNE SYSTEM

An infectious agent entering the body is immediately recognized and counteracted 
by the innate immune system, which comprises surface barriers, soluble factors, spe-
cialized phagocytes and dendritic cells (DCs). DCs along with macrophages and 
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 monocytes provide an interface between the innate and adaptive immune systems as 
they act as professional “antigen-presenting cells” (APCs). This “bridging” role is 
crucial in initiating the adaptive immune response, as T cells do not respond to free-
antigen but only to antigen that is presented by APCs. Together, these functions con-
stitute a primary layer of natural defense against invading microorganisms, with the 
common goal of restricting their entry into the body by providing a physical or struc-
tural hindrance and clearance mechanisms such as epithelial linings of skin and 
mucosae, mucus, ciliary function and peristalsis. Chemical factors such as the pH of 
body fluids, numerous antimicrobial peptides and proteins as well as phagocytic cells, 
for example, neutrophils, eosinophils, monocytes/macrophages and DCs constitute 
further innate protective mechanisms. Challenges to the innate system often lead to 
the activation of the adaptive immune system, which aids substantial recovery from 
infection (24).

34.3.1  Activation of the Innate System
Germline encodes for the recognition molecules involved in the innate immunity. 

This system is very similar among healthy individuals with no apparent memory 
effect; therefore, re-exposure to the same antigen will normally elicit more or less the 
same type of response. These receptors perceive particular molecular structures 
essential for microbial survival and ubiquitous in many types of bacteria, including 
endotoxin or lipopolysaccharide, teichoic acids and unmethylated cytosine and gua-
nine separated by a phosphate (CpG) motifs of DNA (25). Although such structures 
are generally called pathogen-associated molecular patterns (PAMPs), they also occur 
in commensal bacteria (26). However, the intestinal microflora may induce quiet dif-
ferent molecular programming of the innate immune system, which likely explains 
why the indigenous microbiota is normally tolerated by the host (27). The cellular 
receptors of the innate immune system that recognize PAMPs as “danger signals” are 
called pattern recognition receptors (PRRs), many of them belonging to the so-called 
Toll-like receptors (TLRs). They are expressed mainly by macrophages and DCs, but 
also by a variety of other cell types such as B- and epithelial cells (26). The engage-
ment of PRRs causes cellular activation. In the case of professional APCs, which 
present the antigen to B and T cells, this leads to maturation accompanied by the 
production of cytokines and up-regulation or down-regulation of cell-surface mole-
cules according to strictly defined kinetics (28). Such signaling molecules will criti-
cally influence further induction of both innate and adaptive immunity with regard to 
effector potency, particularly the polarization of T-cell responses in terms of cytokines. 
Engagement of other types of receptors on phagocytic cells such as Ig Fc and comple-
ment receptors triggers phagocytosis and the elimination of invading microorganisms 
(29). Although pathogens have evolved mechanisms to evade the innate immunity 
(e.g. bacterial capsules), they usually cannot persist within the body when an adaptive 
immune response reinforces the innate immunity by providing specific antibodies 
directed against the invading pathogens or their toxins. Thus, the innate and adaptive 
immune systems are not independent; the innate immunity influences the character of 
the adaptive response, and the effector arm of the adaptive response support several 
innate defense mechanisms (24).
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34.4  ADAPTIVE IMMUNE SYSTEM

The adaptive system, also termed specific immunity, is acquired through interactions 
with the environment. The innate and adaptive systems are highly integrated and inter-
dependent (30) with the adaptive system subject to induction, anticipation (immune 
memory) and clonal expansion. Responses of the adaptive immune system are central 
to the body’s ability to eliminate bacterial, viral and parasitic infections; therefore, 
understanding these responses is the key to understanding the mechanisms of allergy, 
autoimmunity, vaccination, carcinogenicity and organ graft rejection or acceptance. 
Humans as mammals have developed an extremely sophisticated adaptive immune 
 system of both systemic and mucosal (local) type (31).

The cells involved in adaptive responses are thymus (T)-derived cytotoxic T lym-
phocytes (CTL) and helper T (Th) lymphocytes, bone (B) marrow-derived lymphocytes 
and assorted accessory cells (DCs, macrophages and stromal cells). Lymphocytes 
(along with several of their accessory cells) circulate to and through the spleen, lymph 
nodes, specialized lymphoid tissue in the gut (Peyer’s patches and appendix), bronchi 
and oropharynx (adenoids and tonsils). These “secondary” sites serve as clonal generat-
ing stations for T and B lymphocytes, once the appropriate antigen (from bacterial, viral 
or parasitic sources) has been encountered. Thus, an army of identical and antigen-
specific lymphocytes is uniquely directed at the offensive antigen, ensuring its elimina-
tion in normal animals, including humans. Cytotoxic T lymphocytes destroy 
virus-infected cells by making direct contact with the latter in order to induce cytolysis. 
Th lymphocytes can be classified as Th1, Th2 or T regulatory (Treg)/Th3 cells, based 
upon their cytokine profiles. Treg cells produce IL-10 and TGF-b and are able to down-
regulate skewed Th1/Th2 immune response. Although there are three subsets of Th 
lymphocytes, our focus will be on Th1 and Th2. Th1 cells as opposed to CTL, “acti-
vate” the appropriate accessory cell, and it is the latter that then delivers the cytolytic 
blow. Th1 cells are the target of the AIDS virus, and when the vital Th1 cells are crip-
pled throughout the body (advanced AIDS) opportunist infections ultimately kill the 
infected host (human or animal). Th2 lymphocytes, on the other hand, activate B lym-
phocytes whose function is to produce an appropriate antibody against the offensive 
antigen, leading to its destruction and elimination (30).

34.4.1  Adaptive Immune Responses
The purpose of adaptive immunity is primarily to combat infections by preventing 

colonization of pathogens and keep them out of the body (immune exclusion), and to 
seek out specifically and destroy invading microorganisms (immune elimination). In 
addition, specific immune responses are, through regulatory mechanisms, involved in 
the avoidance of overreaction (hypersensitivity or allergy) against harmless antigens as 
well as discrimination between components of “self” and “non-self”. Autoimmunity 
occurs when the latter control mechanism breaks down (32). It follows from the previ-
ous section that an adaptive immune response includes every aspect of cellular activa-
tion, differentiation and all other biological mechanisms induced when specific 
immunity is elicited. Both the primary and secondary stimulation depends on profes-
sional APCs, which express major histocompatibility complex (MHC) class II determi-
nants as genetically determined restriction elements for CD4+ Th cells (29). In this 
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manner, the T cell receptors specifically recognize short immunogenic peptide 
sequences of the antigen that each is presented in the polymorphic grove of an MHC 
molecule. The ability of the adaptive immune system to distinguish self from non-self 
likewise depends largely on the structure of the MHC molecules, which are slightly dif-
ferent in each individual except for homozygous (identical) twins. The immune response 
may also involve polymorphic MHC class I molecules and CD8+ T cells with cytotoxic 
and/or suppressive potential (29). All of these cell categories are present in secondary 
lymphoid organs and at immunological effector sites where the primed immune cells 
extravasate by means of “homing molecules”, which differ markedly between the sys-
temic and the mucosal immune system. A long-lasting secondary immune response 
gives rise to abundant differentiation of effector cells and release of biologically active 
substances, aiming at the neutralization and elimination of antigens through a variety of 
targeted strategies. Such immunological effector mechanisms, and the non-specific 
biological amplification often triggered by them via hyperactivation of innate immunity, 
are collectively referred to as immune reactions (24). Adaptive immunity is thus based 
on specific immune responses but expressed by an array of cellular and humoral 
immune reactions. The effector cells of the B-cell system are the terminally differenti-
ated Ig (immunoglobulin)-producing plasma cells. These immunocytes constitute the 
basis for so-called humoral immunity, which is mediated by circulating antibodies com-
prising five Ig classes (IgG, IgA, IgM, IgD and IgE). The antigen-specific receptor on 
the surface of the B lymphocyte is a membrane-bound form of Ig produced by the same 
cell (29, 32). The engagement of surface Ig by corresponding antigen will, in co-oper-
ation with “help” provided by cognate Th cells, initiate B-cell differentiation and clonal 
expansion. The resulting effector B cells can then transform into plasma cells that 
secrete large amounts of antibody with the same specificity as that of the antigen recep-
tor expressed by the progenitor B lymphocyte. Whereas IgM (primary response) and 
IgG (secondary response) dominate systemic humoral immunity, IgA is normally the 
dominating  antibody class of mucosal immunity (24).

When adaptive immunity is mainly mediated by activated effector T cells and 
 macrophages, the reaction is referred to as cell-mediated or delayed-type hypersensitiv-
ity (DTH). Whether humoral or cell-mediated immunity will dominate, depends largely 
on the cytokine profile of the activated Th cells. Cytokines are polypeptide messenger 
substances that stimulate cellular growth, differentiation and functional development 
via specific receptors on the producer cell itself (autocrine function) or on immediately 
adjacent cells (paracrine function). Cytokines derived from leukocytes are traditionally 
designated by the prefix interleukin (IL). Notably, however, cytokine action is not 
 confined to the immune system; such peptides may also influence the central nervous 
system and the neuroendocrine system (24, 33).

34.4.2  CD4+ T Cell Differentiation
As previously stated, Th cells are mainly found in four distinct cell types: Th1, Th2 

or Treg/Th3. Treg cells produce IL-10 and TGF-b and are able to down-regulate skewed 
Th1/Th2 immune response. However, the recent discovery of Th17 cells confirmed 
earlier evidence that helper T cells may adopt phenotypes other than Th1 and Th2 (34). 
The Th17 cells are characterized by the production of IL-17 that drives rapid neutrophil 
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recruitment in response to bacterial and fungal infections (35, 36) and is thought to play 
a role in various autoimmune disorders (37). The Th17 phenotype does not only provide 
convincing evidence for the existence of more than two helper T phenotypes but also 
links the fairly separate fields of Th1/Th2 and Treg immunology to each other. As a 
result, the Th1/Th2 paradigm is currently being extended into a framework that includes 
at least Th1, Th2, Th17 and Treg cells (38), which functionally correspond to promoting 
the cellular, humoral, rapid antibacterial/antifungal and anti-inflammatory response, 
respectively. A balance between Th1/Th2 is pivotal for immunological homeostasis, 
and the polarization of immune responses towards Th1 or Th2 underlies the develop-
ment of various immunoinflammatory disorders. For example, allergies are driven by 
the over-activation of Th2 immune responses and inflammatory bowel disease (IBD) 
and autoimmune disorders such as Type 1 diabetes are predominantly driven by Th1 
type immune responses. Evidence from recent studies suggests that defective Treg cell 
activity may be the central cause for the concurrent rise in Th1 and Th2-mediated dis-
eases observed over the recent decades; patients with Type 1 diabetes, multiple sclerosis 
and with a predisposition to allergy development are known to exhibit deficient Treg 
cell function (39). Th1 cells produce pro-inflammatory cytokines such as IFN-g, TNF-a 
and IL-2, while Th2 cells produce the cytokines IL-4, IL-5, IL-6 and IL-13. The 
cytokines produced by Th1 cells stimulate phagocytosis and the destruction of micro-
bial pathogens while Th2 cytokines such as IL-4 generally stimulate the production of 
antibodies directed towards large extracellular parasites. IL-5 stimulates eosinophil 
responses, also part of the immune response towards large extracellular parasites.

On the negative side, Th1 pathway seems to be involved in organ-specific autoimmune 
diseases such as arthritis and multiple sclerosis when it is overreactive, while the over-
expressed Th2 pathway has been indicated as an underlying allergy. The differentiation 
of naive T cell into either Th1 or Th2 cells is generally dependent on environmental 
conditions (DCs, cytokines in the milieu, nature and dose of antigen, etc.). The differen-
tiation proceeds within a few days of direct contact of naive T cells with APCs. The 
process by which commitment develops is called polarization. The naive T cells may 
pass through a transient state (Th

o
) on their way to becoming activated cells (Fig. 34.1). 

The polarization of the Th cells could be indicative of a more profound polarization of 
the immune system as a whole. In fact, there is good evidence that this polarization 
already begins with those cells having the primary contact with antigens, including DCs, 
macrophages and other APCs. Immunological memory involves the fast recall of 
cytokine expression by Th lymphocytes. Two distinct profiles of cytokine expression, 
Th1 and Th2, can be induced by antigen and polarizing signals during the activation of 
naive Th cells and can subsequently be reexpressed on stimulation by the antigen alone. 
It now seems that Th1 differentiation is reliant on IFN-g and IL-12 whereas Th2 develop-
ment relies on IL-4. The presence of IL-12 induces the signal transducers and activators 
of transcription-1 (STAT) dependent signaling cascade that up-regulates the expression 
of the T bet transcription factor, a master regulator that coordinates expression towards 
Th1 differentiation. T-bet induces IFN-g and IL-12R b chain expression, which enables 
STAT-4-mediated signaling and a further increase in IFN-g production. T-bet also pre-
vents differentiation towards Th2 by suppressing the expression of the factors required 
for the Th2 subset differentiation process. The transcription factor GATA-3 induces Th2 
development. GATA-3 is activated by the  Th2-polarizing stimulus, IL-4, IL-5 and IL-13 



632 Donkor et al.

and has recently been observed to autoactivate its transcription (40, 41). GATA-3 also 
suppresses the critical elements for the Th1 differentiation process (e.g. STAT-4 and 
IL-12R). Factors involved in the Th1 response negatively impact the Th2 response and 
vice-versa. This regulatory loop allows full differentiation towards one subset or the 
other once the decisional process has been initiated.

To summarize, the IL-12 and IFN-g cytokines and the STAT-1, STAT-4 and T-bet 
transcription factors are associated with a Th1 response, whereas the IL-4, IL-5 and 
IL-13 and the STAT-6 and GATA-3 transcription factors are linked to a Th2 response 
(42). Other cytokines have been associated with Th1 type responses (e.g. IL-2, lympho-
toxin) or Th2 type responses (e.g. IL-6, IL-9, IL-10), but their production does not 
necessarily characterize the Th1 or Th2 type response (43).

34.5  THE MUCOSAL IMMUNE SYSTEM

Mucosal immunity is the first line of protection that reduces the need for systemic 
immunity, which is principally proinflammatory. The mucosal immune system consists 
of two non-inflammatory layers of defense namely immune exclusion, performed by 
secretory antibodies to inhibit surface colonization of microorganisms and dampen the 
penetration of potentially dangerous soluble substances, and immunosuppressive mech-
anisms to avoid local and peripheral hypersensitivity to antigens that are normally 
innocuous (44). The latter mechanism is referred to as “oral tolerance” when induced 

Fig. 34.1. T-cell sub-populations and the cytokines required for their differentiation (adapted from 
Meyers (33)).



633Chapter 34 / Probiotics and Immunomodulation

via the gut and is likely a reason for persistent food protein allergy to be  relatively rare 
(24). This oral tolerance is provided through the suppression of Th1 cells by IL-4, IL-10 
and TGF-b when exposed to low concentrations of antigens. High doses cause clonal 
allergy; T cells are in a state of cellular unresponsiveness which makes them incapable 
of secreting IL-2 or proliferating (45). A similar down regulatory tone of the immune 
system normally develops against antigenic components of the commensal microbial 
flora (46).

Although the immune response of the intestinal mucosa exhibits several common 
features with the immune responses produced by other organs, it is characterized by 
certain distinctive properties. The immune properties of the digestive mucosa are pro-
vided by the gut-associated lymphoid tissue (GALT). The GALT is composed of both 
organised (e.g., Peyer’s patches) and diffusely distributed lymphoid cells. Additional 
protection against pathogens is provided by the mucus layer covering the epithelium 
(33, 44).

The intestinal immune system must sensor all antigens in order to properly assess 
which ones require an immune response. Intestinal antigens are acquired through differ-
ent mechanisms. First, enterocytes transport antigens from the intestinal lumen to the 
lamina propria. Enterocytes can even act as APCs, since these cells express MHC class 
II molecules as well. Antigen sampling also occurs in Peyer’s patches, where a special-
ized epithelium, known as the follicular-associated epithelium (FAE), covers one or 
many lymphoid follicles composed of B and T cells, DCs and macrophages. The FAE 
is made up of enterocytes and M cells. Differing from enterocytes by the absence of a 
brush border and by the absence of mucus production, M cells have the important task 
of transporting antigens across the epithelium to the lymphoid follicle, a structure com-
monly referred to as the dome epithelium (33, 44). An enormous variety of pathogens 
take advantage of the properties of M cells to penetrate the intestinal mucosa and invade 
the host. Finally, DCs, using their dendrites, also act as guard cells in the intestinal 
lumen without disturbing the integrity of their tight surface junctions. The intestinal 
epithelium is also characterized by the presence of intraepithelial lymphocytes (IEL) 
located between the enterocytes. Most IELs have a CD8+ T cell phenotype. Within the 
lymphocyte subsets that populate the intestinal mucosa are found CD4+ T helper cells 
(Th1 and Th2), cytotoxic CD8+ T, and a wide variety of regulatory T cells such as Th3, 
T

R
1 and thymic-derived CD4+CD25+ (33).
With the help of the CD4+ T cells and cytokines (IL-10 and TGF-b) present in the 

gut, B cells differentiate into dimeric IgA isotype antibody-secreting plasma cells. The 
dimeric IgAs are then secreted in the intestinal lumen by the enterocytes, where they aid 
in binding antigens and neutralizing viruses, bacteria and toxins, thereby contributing 
to the host protection against infectious agents and toxic substances (47–50). The intes-
tinal immune system is the subject of complex regulation processes allowing the elimi-
nation of pathogenic micro-organisms, while maintaining a tolerance towards food 
antigens and endogenous flora. In chronic intestinal inflammatory diseases such as 
Crohn’s disease (48, 51) and hemorrhagic rectocolitis, a deregulation of the intestinal 
immune system would lead to an appropriate response against one or more endoluminal 
antigens. The mucosal immune system normally maintains itself in a state that favors 
tolerance and IgA production, showing a slight deviation towards the Th2 response over 
Th1 response. However, this deviation is not absolute, since some chronic inflammatory 
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bowel diseases such as ulcerative colitis are somewhat Th2-driven, whereas others like 
Crohn’s disease show a predominantly Th1-mediated cytokine profile (52, 53). Thus, 
the cytokine profile plays an important role in the maintenance of intestinal immune 
homeostasis.

34.5.1  Antibody-Mediated Mucosal Defense
The intestinal mucosa contains about 80% of the body’s activated B cells, which 

are terminally differentiated to Ig-producing blasts and plasma cells. Most of these 
immunocytes produce dimeric IgA, which along with pentameric IgM, can be 
actively transported through secretory epithelia by the polymeric Ig receptor (pIgR), 
also known as membrane secretory component. The binding site for this receptor 
depends on a small peptide called “joining” (J) chain incorporated selectively into 
dimeric IgA and pentameric IgM (54). Immune exclusion is then mediated by the 
generated secretory IgA (SIgA) and secretory IgM (SIgM) antibodies in cooperation 
with innate non-specific defense mechanisms. In addition, some serum-derived or 
locally produced IgG antibodies may be transferred passively to the gut lumen. 
Importantly however, because IgG is complement-activating, its contribution to sur-
face defense is potentially proinflammatory, which could jeopardize the epithelial 
barrier function (24).

34.6  PROBIOTICS AND THE IMMUNE SYSTEM

34.6.1  Probiotic-Intestinal Epithelium Interaction
Human intestine is colonized by a great number of microorganisms living in the 

intestinal area and supporting a variety of physiological functions. The intestinal micro-
bial colonization has a sequential pattern. It starts at birth and continues during the 
subsequent phases of life to form an individual intestinal microbiota. This process 
facilitates the formation of a physical and immunological barrier between the environ-
ment and the gastro-intestinal tract. The composition of the commensal colon micro-
biota is likely influenced by a combination of food practices and other factors like the 
geographical localization, various levels of hygiene or various climates. The host-
microbe interaction is of primary importance during the neonatal period. The establish-
ment of a normal microbiota provides the most substantial antigenic challenge to the 
immune system, thus helping the GALT maturation. At birth, the intestinal immune 
system is inexistent and will develop at the same time as the intestinal microbiota. It 
becomes more and more complex as food practices change. Approximately at 2 years 
of age, the intestinal microbiota appears comparable in composition to that of an adult 
and the intestinal immune system is considered mature. The intestinal microbiota con-
tributes to the anti-inflammatory character of the intestinal immune system. Several 
immunoregulatory mechanisms, including regulatory cells, cytokines, apoptosis among 
others, participate in the control of immune responses by preventing the pathological 
processes associated with excessive reactivity. Many inflammatory diseases are due to 
disregulation of these mechanisms. An interesting premise for probiotic physiological 
action is their capacity to modulate the immune system. Consequently, many studies 
have focused on the effects of probiotics on the diverse aspects of the immune response. 
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Following the consumption of probiotic products, the interaction of these bacteria with 
intestinal enterocytes initiates a host response, since intestinal cells produce various 
immunomodulatory molecules when stimulated by bacteria.

The interaction between probiotic strains and enterocytes is important for the control-
led production of cytokines and chemokines secreted by epithelial cells (Table 34.1). 
Some probiotic organisms can modulate in vitro expression of pro- and anti-inflamma-
tory cytokines in a strain-dependent manner. For instance, Lb. sakei induced the expres-
sion of IL-1b, IL-8 and TNF-a, whereas Lb. johnsonii stimulated the production of 
TGF-b in Caco-2 cells. This apparently required some form of communication between 
the epithelial cells and the underlying leucocytes (55). The interaction of probiotics and 
M cells located in Peyer’s patches has been established, and considerable attention has 
been placed on the importance of these cells in the transport of antigens across the 
intestinal epithelium (56, 57). A study using fluorescent-tagged lactobacilli in mice 
showed that, 10 min after oral feeding of probiotics, fluorescence was detected in 
immune cells in Peyer’s patches and the lamina propria in the small intestine as well as 

Table 34.1 
Probiotic-induced cytokine production: in vitro effects

Cell culture
In vitro studies Bacteria Cytokine Reference

Peripheral blood 
mononuclear 
cells (PBMCs)

B. longum BB536 IFN-g, IL-12 Odamaki et al. 
(137)

PBMCs
Monocytes

Lb. plantarum IL-10, IL-12, 
TNF-a, IFN-g

Grangette et al. 
(138)

Human monocytes 
or PBMCs

B. adolescentis, Cl. perfrin-
gens, Corynebacterium 
minutissimum

Lb. plantarum, St. aureus, St. 
mitis

IL-12, IFN-g,  
and TNF-a

Hessle et al. 
(139)

PBMC Lb. casei and B. breve IL-1, IL-6  
and IL-10

Lammers et al. 
(140)

Macrophage 
derived cell line

Lb. paracasei strains,  
B. longum

INF-g, and IL-6 Ivec et al. (141)

Human myeloid 
DCs

Lb. gasseri, Lb. johnsonii,  
Lb. reuteri

IL-12 and IL-18, 
IFN-g, Tc1

Mohamadzadeh 
et al. (102)

Monocyte/macro-
phage

Escherichia coli Nissle 1917; 
E. coli K12

Lb. casei strain Shirota

IL-10, IL-12  
and TNF-a

Cross et al. 
(142)

ATCC (T84 and 
HT-29) cells

E. coli Nissle
Lactobacillus
Bifidobacterium
Streptococcus

IL-8 Otte and  
Podolsky (60)

Monocyte-derived 
DCs

Lb. reuteri, Lb. casei Treg cells IL-10 Smits et al. (97)
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in immune cells in the crypt and lymph nodules in the colon (57). In addition, fluores-
cence associated with the presence of Lb. casei persevered in Peyer’s patches for about 
2–3 days (58). These findings demonstrate that probiotics, or at least their bacterial 
products, can access the intestinal mucosal immune system, persist for a certain amount 
of time and initiate a specific immune response.

34.6.2  Probiotic-Induced Cytokine Production by Enterocytes
Probiotics can stimulate cytokine expression in enterocytes in a strain-dependent 

manner. For example, the probiotic E. coli Nissle 1917 induced the production of IL-8 
in HT-29 cells whereas the lactobacilli and bifidobacteria contained in the probiotic 
VSL#3 did not (59, 60). Lb. plantarum 299v also increased IL-8 mRNA levels in HT-29 
epithelial cells previously stimulated by TNF-a. This IL-8 production required the pres-
ence of live bacteria, and was not observed when the adhesion between Lb. plantarum 
299v and HT-29 cells was inhibited (61). This study provided no evidence to further 
elaborate on this observation. However, IL-8 mRNA clearly increased in the presence 
of TNF-a, while the secretion of IL-8 in the supernatant actually decreased. Nevertheless, 
the importance of this landmark study is in suggesting that probiotic adhesion to intes-
tinal cells is an important mechanistic component in their action. The quality and dose 
of probiotic preparations may also impact the IL-8 production by enterocytes. When 
incubated with higher doses of Lb. rhamnosus GG, Caco-2 cells produced less IL-8 
induced by TNF-a stimulation (62). IL-8 appears to be a major cytokine produced by 
enterocytes following an encounter with a probiotic organism. The IL-8 cytokine pri-
marily functions as a neutrophil chemoattractant. Probiotic strains, however, differ in 
their capacity to augment IL-8 expression and some strains appear to rather decrease 
epithelial cell production of IL-8. For instance, Lb. reuteri exerted an anti-inflammatory 
effect on T84 and HT-29 cell lines by diminishing their IL-8 production. Lb. reuteri also 
induced the production of nerve growth factor (NGF), an anti-inflammatory molecule 
(63). Since all these findings were based on the use of cell lines as experimental models, 
they did not necessarily represent the actual in vivo situation. Aside from IL-8, entero-
cytes can excrete other cytokines such as IL-6 in the presence of probiotic organisms, 
as demonstrated with more physiological models. By studying rats whose intestinal 
tract were colonized by only one organism, B. lactis Bb12, it was shown that intestinal 
epithelial cells could produce IL-6 up to 5 days following bacterial colonization (64). 
After co-incubation of primary intestinal cells with probiotics, it was found that Lb. 
casei CRL 431 and Lb. helveticus R389 also increased IL-6 secretion (65). Lb. casei 
subs. casei, Lb. paracasei and Lb. acidophilus probiotics induced the production of 
IL-15, a multifunctional cytokine, in Caco-2 cells as well (66). Finally, the analysis of 
mRNA microarrays revealed that Lb. casei DN-114 01 reduced the expression of chem-
okines that attract macrophages (CXCL1 and CXCL2) and DCs (CCL20) in Caco-2 
cells exposed to Shigella flexneri (67). It was also found that some lactobacilli strains 
modulated the IFN-g induced expression of HLA-DR, CD45 and ICAM-1 (intercellular 
adhesion molecule-1) on HT-29 cells (68). Lastly, it was shown that Lb. rhamnosus GG 
inhibited cytokine-induced apoptosis (TNF-a, IL-1a or IFN-g) of intestinal epithelial 
cells by activating the antiapoptotic molecule AKT/protein kinase B and by inhibiting 
the pro-apoptotic p38/mitogen-activated  protein kinase signaling pathway (69). 
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Altogether, these studies suggest that the  interaction of probiotic bacteria with the intes-
tinal  epithelium is a key determinant for cytokine production by enterocytes and prob-
ably the initiating event in the immune system.

34.7  PROBIOTICS AND INNATE IMMUNITY

34.7.1  Phagocytic Cell Function
Many probiotic strains can influence innate defense mechanisms such as  phagocytosis 

(Table 34.3). For example, Lb. acidophilus and Lb. casei induced a systemic immuno-
stimulation by increasing the phagocytosis capacity of murine peritoneal macrophages 
(70, 71). In addition, Lb. acidophilus La1 increased the phagocytosis capacity of leuco-
cytes isolated from the blood of humans fed probiotics, which was consistent with the 
adhesion potential of this bacterium (72–74). Moreover, bacteria like B. lactis Bb12, 
with slightly lower adhesion potential, also substantially increased phagocytosis (73). 
Additionally, B. lactis HN019 considerably augmented the phagocytosis of peripheral 
blood mononuclear cells (PBMC) (75–77). Similarly, a milk product containing Lb. 
rhamnosus GG significantly up-regulated the expression of important phagocytosis 
receptors like CR1, CR3, FcgRIII and FCaR in the neutrophils of healthy individuals 
(78). It is noteworthy that patients suffering from milk-hypersensitivity also showed an 
increased expression of these receptors and that the expression of these molecules was 
reduced when they consumed milk containing Lb. rhamnosus GG. As suggested Lb. 
rhamnosus GG stimulated immune response in the phagocytes of healthy individuals 
and inhibited phagocytosis in allergic individuals (78). Lb. johnsonii La1 was shown 
to increase the respiratory burst of phagocytes isolated from human blood following 
probiotic consumption (74). Moreover, the ex vivo phagocytic activity of mononuclear 
and polymorphonuclear phagocytes was enhanced following the consumption of 
Lb.  rhamnosus HN001 and B. lactis HN109 (77, 79).

34.7.2  Natural Killer Cell Activity
Probiotic organisms also regulate the activity of natural killer (NK) cells (Table 

34.3). Lb. rhamnosus HN001 and B. lactis HN109, for example, significantly increased 
the cytotoxic potential of NK cells, which subsequently decreased after the cessation of 
probiotic consumption, although remained above baseline (76, 79). The use of the pro-
biotic Lb. casei subsp. casei in combination with dextran, a prebiotic, also enhanced the 
cytotoxic efficiency of NK cell (66). Lb. casei Shirota administration was also able to 
enhance NK cell activity. This activity was correlated to IL-12 production, another 
cytokine implicated in NK cells activity (80). These studies suggest that probiotics may 
play a major role in boosting the immunosurveillance of NK cells, which may aid in the 
prevention of malignant tumors. Furthermore, the positive effects of probiotics on 
phagocytosis and NK cell function appear to be greater in immune-deficient elderly 
persons (76, 77). Thus, the consumption of probiotics may favor innate immune 
defenses in aging individuals. Finally, the oral intake of Lb. fermentum CECT5716 was 
able to potentate the immunologic response of an anti-influenza vaccine by increasing 
the proportion of NK cells (81).
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34.8  PROBIOTICS AND ADAPTIVE IMMUNITY

34.8.1  Responses to Vaccines
Many probiotic strains are apparently able to stimulate the production of antigen-specific 

IgA antibodies well, which helps maintain intestinal humoral immunity (Table 34.3). 
For example, subjects who consumed fermented milk containing B. bifidum and Lb. aci-
dophilus La1 following vaccination against Salmonella typhi Ty21 showed a significant 
increase in IgA serum concentration (82). In addition, children 2–5 year old who received 
Lb. rhamnosus GG concomitantly with a rotavirus vaccination showed an increased 
number of IgA secreting cells (83). Moreover, Lb. rhamnosus GG dramatically increased 
IgA seroconversion during the remission phase in children suffering from acute rotavirus-
induced diarrhea (84, 85). One such study also reported that only live probiotics induced 
the IgA specific response, which helped in preventing reinfection (84). Bifidobacteria can 
also promote IgA production, since children who consumed a preparation containing B. 
lactis Bb12 for a few months after receiving their polio vaccine showed an increase in the 
total amount of IgA in the feces and, more particularly, antipoliovirus IgA (86). Some of 
these studies have emphasized the fact that total serum IgA level was enhanced following 
the oral consumption of probiotics. However, there is a basic difference between the IgAs 
found in the serum and that present in the intestine, as the latter have a dimeric or poly-
meric form and contain a secretory component required for export. Thus, measuring 
serum IgA may not reflect actual digestive tract conditions. Accordingly, Park et al. (87) 
studied IgA production by intestinal mucosal lymphoid cells in mice. They showed that 
B. bifidum significantly induced IgA production in Peyer’s patches and mesenteric lymph 
nodes, with optimal secretion obtained with probiotics encapsulated in alginate micropar-
ticles. Surprisingly, rather than inducing a specific humoral immune response, B. bifidum 
apparently had a more systemic immune effect (87). Another study demonstrated that a 
peptide fraction derived from Lb. helveticus-fermented milk contributed to induce local 
mucosal and systemic IgA immune responses in mice that were infected with E. coli 
O157:H7. Results indicated that the metabolites produced by probiotics might influence 
host immunity, and would therefore be highly appropriate for use in a food matrix (88). 
Moreover, it appears that the influence of probiotics on humoral immunity may be par-
tially determined by the colonizing properties of the probiotic organisms. Indeed, although 
both Lb. johnsonii and Lb. paracasei displayed similar adhesion properties to Caco-2 
cells, Lb. johnsonii was a better colonizer in the intestines of gnotobiotic mice, and a more 
efficient inducer of intestinal IgA production than Lb. paracasei (89). A recent study 
reported on a possible interaction between probiotics and breastfeeding on the number of 
Ig-secreting cells, suggesting that probiotics during breastfeeding may positively influ-
ence gut immunity (90). Similarly, 28 critically ill patients admitted to the intensive care 
unit received live probiotics (VSL#3) for a week in a double-blind, randomized controlled 
trial (91). Patients had a significantly larger increase in systemic IgA and IgG concentra-
tions than in the patients who received placebo or sonicates, which indicated a greater 
enhancement in immune activity.

34.8.2  Dendritic Cell Function and Regulatory T Cell (Treg) Responses
APCs, and more particularly DCs, are key players in both, attaining the Th1/Th2 

balance and the development of tolerance. There are several types of DCs with the 



639Chapter 34 / Probiotics and Immunomodulation

 ability to orient the immune response according to activation environment, specific DC 
subset, or their activation kinetics (92). Given the importance of DCs in the  orchestration 
of the immune response, it has been hypothesized that probiotic organisms modulate the 
immune response by influencing DC maturation. DCs may thus instruct naive CD4+ T 
cells to differentiate into Th1, Th2 or even Th3 (Fig. 34.1). Using DCs derived from 
human monocytes, Braat et al. (93) showed that DCs, allowed to mature in the presence 
of Lb. rhamnosus, reduced both the proliferation of T cells (naive and memory) and the 
secretion of IL-2, IL-4 and IL-10 upon anti-CD3/anti-CD28 stimulation. In addition, 
using T cells isolated from healthy and Crohn’s patients, it was found that the oral con-
sumption of Lb. rhamnosus induced the same unresponsive state in CD4+ Th1 and Th2 
cells in vivo (93). Another study examined bone marrow-derived murine DCs exposed 
to different irradiated lactobacilli (Lb. reuteri, Lb. plantarum Lb20, Lb. casei subsp. 
alactus, Lb. plantarum 299v and Lb. johnsonii La1). All the strains were able to induce 
the maturation of DCs. Lb. casei subsp. alactus was characterized as an inducer of pro-
inflammatory cytokines (IL-12, IL-6, TNF-a) in DCs, whereas Lb. reuteri appeared to 
be a poor stimulator of IL-12. Surprisingly, Lb. reuteri inhibited the production of 
IL-12, IL-6 and TNF-a and the expression of B7.2 (CD86) in DCs induced by Lb. casei 
subsp. alactus, while maintaining steady DC production of IL-10 (94). This study 
emphasized that the differentiation process for DC of the gut could be modulated 
according to the composition of gut microflora, including ingested probiotics, alone or 
in combination. Further study in mice demonstrated that the probiotic preparation 
VSL#3 increased the expression of B7.1 (CD80), B7.2 (CD86), CD40 and MHC class 
II molecules. In addition, when the DCs were incubated in the presence of probiotics, 
they were unable to induce T cell proliferation. A substantial increase in IL-10 levels 
was, however, observed in the supernatant when DCs were incubated with the probiot-
ics for 3 days (95). These results demonstrated that probiotics possessed the ability to 
modulate DC surface phenotype and cytokine release by blood DCs.

The regulation of DC cytokines by probiotics may contribute to the benefit of these 
molecules in treatment of intestinal diseases. However, the DCs isolated from the blood 
likely differed from those derived from bone marrow and, consequently, those present in 
the intestine. Hart et al. (96) compared changes in the expression of DC differentiation 
markers and cytokine production upon incubation with VSL#3 in human DCs obtained 
from blood or intestinal tissue following biopsy. VSL#3 diminished pro-inflammatory 
effects of LPS by decreasing LPS (lipopolysaccharide)-induced production of IL-12 while 
maintaining IL-10 production. VSL#3 was also a potent inducer of IL-10 by DCs from 
blood and intestinal tissue, and inhibited the generation of Th1 cells. Of all the probiotics 
in the VSL#3 preparation, bifidobacteria were the most potent IL-10 inducers. They were 
also more effective in decreasing surface expression of B7.1 (CD80) in DCs, and inhibit-
ing T cell production of IFN-g as well (96). Some probiotics influenced monocyte-derived 
DCs to drive the development of Treg cells. These Treg cells produced increased levels of 
IL-10. Thus, when human monocyte-derived DCs were incubated in the  presence of Lb. 
reuteri and Lb. casei, they induced T cell differentiation into regulatory T cells that pro-
duced large amounts of IL-10. Lb. plantarum, on the other hand, was incapable of induc-
ing the regulatory T cell differentiation. It appears that the ability of these probiotics to 
induce regulatory T cells by the DCs may be due to their ability to bind to the lectin DC 
(DC specific intercellular adhesion molecule 3-grabbing nonintegrin; DC-SIGN) (97). In 
addition, in an animal model of inflammatory bowel disease caused by Th1 cells, the 
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probiotic VSL#3, when administered to mice for 3 weeks, reduced colitis severity. This 
beneficial effect was associated with the production of IL-10 and, in particular, the genera-
tion of greater numbers of Treg cells expressing TGF-b at the surface of the cell mem-
brane of the lamina propria. It is significant that the transfer of mononucleated lamina 
propria cells from mice treated with VSL#3 to naive mice impeded colitis development, 
and that this effect depended on regulatory CD4+ cells, since the depletion of regulatory 
CD4+ T cells impeded the very protecting effect generated by the transfer (98). Finally, it 
was shown that the probiotic Lb. paracasei NCC2461 induced the development of a CD4+ 
T cell subset characterized by a low proliferation potential but a marked ability to secrete 
IL-10 and TGF-b. This subset is very similar to a population of regulatory cells that par-
ticipate in the oral tolerance process required to maintain gastro-intestinal stability (99). 
Lb. paracasei NCC2461 also participated in the b-lactoglobulin (b-LG) oral tolerance 
process in mice, attributable to the hydrolysis of b-LG into peptides, which stimulated 
production of IL-10 (100, 101). Thus, metabolites generated by the breakdown of food by 
probiotic organisms may have immunomodulatory effects. These studies in general indi-
cated that many probiotic organisms act as anti-inflammatory agents by influencing DCs 
to induce a non-response state, more particularly by encouraging the development of T 
cells with immunoregulatory properties (Table 34.1). Meanwhile, another study suggested 
that some lactobacilli strains promote DCs to regulate T cell responses towards Th1 path-
way by stimulating the secretion of high levels of IL-12 and IL-18, but not IL-10 (102). 
Almost all strains belonging to the Lb. casei group were able to induce a high level of 
IL-12 via macrophages stimulation.

34.9  PROBIOTICS AND IMMUNOREGULATION

Most of the knowledge on how probiotics affect the immune system comes from 
profile analyses of cytokines produced by a wide variety of immune cells in response to 
the consumption of probiotic organisms (Tables 34.1 and 34.2). It has been proposed by 
numerous studies that probiotics exert an immunomodulatory effect by influencing the 
cytokine production of the various effector cells in the intestine and especially entero-
cytes. However, the effects appear to be strain-dependent. Moreover, depending on the 
strain, either pro-inflammatory or anti-inflammatory effects on the immune system have 
been observed. The interaction between probiotic strains and enterocytes is important 
for the controlled production of cytokines and chemokines secreted by epithelial cells. 
In view of the importance of the Th1/Th2 paradigm to our understanding of the immune 
response, it has been suggested that consumption of probiotic products could produce 
an immunomodulatory effect by disrupting the T CD4+ and helper cell differentiation 
process by skewing the Th1/Th2 balance (103).

The balance between Th1 and Th2 cytokine production may direct the immune 
response and its outcome. A true balance between Th1 and Th2 profiles can be difficult 
to maintain, as Th1 and Th2 cells inhibit each other. For example, IL-4 promotes Th2 cell 
expansion and limits the proliferation of Th1 cells as opposed to IFN-g, which enhances 
the growth of Th1 cells but decreases Th2-cell development (33, 104). In fact, the cytokine 
microenvironment clearly represents a potent determinant of Th1/Th2 polarization, with 
IL-4 and IL-12 as the initiating key factors derived principally from the innate immune 
responses during the T-cell priming. Activated macrophages and DCs are the main source 



641Chapter 34 / Probiotics and Immunomodulation

Ta
bl

e 
34

.2
 

So
m

e 
re

ce
nt

 s
tu

di
es

 o
n 

im
m

un
om

od
ul

at
or

y 
ef

fe
ct

s 
of

 p
ro

bi
ot

ic
s:

 a
ni

m
al

 m
od

el
s

St
ra

in
In

 v
iv

o 
an

im
al

 m
od

el
R

es
po

ns
e

R
ef

er
en

ce

L
b.

 p
ar

ac
as

ei
 s

sp
. 

pa
ra

ca
se

i F
19

, L
b.

 
ac

id
op

hi
lu

s 
N

C
F

B
 

17
48

G
er

m
 f

re
e 

an
d 

no
rm

al
 

m
ic

ro
fl

or
a 

m
ic

e
U

pr
eg

ul
at

io
n 

of
 M

m
p7

 –
 g

en
e 

im
pl

ic
at

ed
 in

 r
eg

ul
at

io
n 

 
of

 in
te

st
in

al
 m

uc
os

al
 d

ef
en

se
N

er
st

ed
t e

t a
l. 

(1
43

)

L
b.

 p
en

to
su

s 
S

-P
T

84
B

A
L

B
/c

 m
ic

e
S

ke
w

ed
 T

h1
/T

h2
 b

al
an

ce
 to

w
ar

ds
 T

h1
 a

nd
 lo

w
er

ed
 s

er
um

 
Ig

E
 le

ve
ls

, s
up

pr
es

se
d 

IL
-4

 p
ro

du
ct

io
n,

 u
pr

eg
ul

at
ed

 I
L

-1
0 

pr
od

uc
ti

on

N
on

ak
a 

et
 a

l. 
(1

44
)

L
b.

 g
as

se
ri

 N
C

15
00

  
an

d 
N

C
15

01
IL

-1
0-

de
fi

ci
en

t m
ou

se
 

m
od

el
S

ig
ni

fi
ca

nt
 a

nt
i-

in
fl

am
m

at
or

y 
ac

tiv
it

y 
th

at
 r

ed
uc

es
 th

e 
 

se
ve

ri
ty

 o
f 

co
li

ti
s

C
ar

ro
ll

 e
t a

l. 
(1

45
)

L
b.

 p
la

nt
ar

um
In

ta
ct

 a
nd

 im
m

u-
no

co
m

pr
om

iz
ed

 
B

A
L

B
/c

 m
ic

e

A
tt

en
ua

ti
on

 o
f 

su
pp

re
ss

iv
e 

ef
fe

ct
 o

f 
cy

cl
op

ho
sp

ha
m

id
e 

 
on

 th
e 

L
P

S
-d

ri
ve

n 
ly

m
ph

op
ro

li
fe

ra
ti

on
B

uj
al

an
ce

 e
t a

l. 
(1

46
)

L
b.

 c
as

ei
 C

R
L

 4
31

M
al

no
ur

is
he

d 
S

w
is

s 
al

bi
no

 m
ic

e
R

es
to

ra
ti

on
 o

f 
cy

to
ki

ne
 p

ro
fi

le
, u

pr
eg

ul
at

io
n 

of
 I

L
-1

0,
  

re
co

ve
ry

 o
f 

th
e 

de
fe

ns
e 

m
ec

ha
ni

sm
s 

ag
ai

ns
t p

ne
um

oc
oc

ci
A

gu
er

o 
et

 a
l. 

(1
47

)

L
b.

 c
as

ei
 S

hi
ro

ta
, B

. 
br

ev
e 

Y
ak

ul
t

G
er

m
-f

re
e 

B
A

L
B

/c
 

m
ic

e
S

tr
ai

ns
 d

if
fe

re
nt

ia
ll

y 
af

fe
ct

ed
 e

pi
th

el
ia

l g
en

e 
ex

pr
es

si
on

  
in

 th
e 

sm
al

l i
nt

es
ti

ne
 a

nd
 c

ol
on

S
hi

m
a 

et
 a

l. 
(1

48
)

L
b.

 jo
hn

so
ni

i L
a1

A
ge

d 
57

B
L

6/
n 

m
ic

e
E

nh
an

ce
d 

in
te

st
in

al
 I

gA
 p

ro
du

ct
io

n 
an

d 
ai

de
d 

in
 r

ec
ov

er
in

g 
nu

tr
it

io
na

l s
ta

tu
s 

an
d 

sy
st

em
ic

 im
m

un
e 

re
sp

on
se

s
K

ab
ur

ag
i e

t a
l. 

(1
49

)

L
b.

 p
ar

ac
as

ei
 N

C
C

24
61

A
ge

d 
m

al
e 

C
57

B
L

/6
J 

m
ic

e
T

h1
 c

el
l-

de
pe

nd
en

t i
m

m
un

e 
re

sp
on

se
s 

(I
gG

2a
 le

ve
ls

  
an

d 
de

la
ye

d 
ty

pe
 h

yp
er

se
ns

it
iv

it
y 

re
sp

on
se

) 
in

cr
ea

se
d 

 
si

gn
ifi

ca
nt

ly

V
id

al
 e

t a
l. 

(1
50

)

E
nt

er
oc

oc
cu

s 
fa

ec
al

is
 

F
K

-2
3

W
ea

ni
ng

 B
A

L
B

/c
 

m
ic

e
D

ec
re

as
ed

 r
at

io
 o

f 
se

ru
m

 to
ta

l I
gE

 to
 I

gG
2a

 le
ve

ls
 –

 m
ay

 
im

pr
ov

e 
th

e 
in

te
st

in
al

 e
co

sy
st

em
 d

is
tu

rb
ed

 b
y 

an
ti

bi
ot

ic
 u

se
S

hi
m

ad
a 

et
 a

l. 
(1

51
)

E
. c

ol
i N

is
sl

e 
19

17
Y

ou
ng

 p
ig

s
O

nl
y 

m
in

or
 e

ff
ec

ts
 o

n 
th

e 
di

st
ri

bu
ti

on
 o

f 
m

uc
os

al
 im

m
un

e 
ce

ll
s

D
un

ck
er

 e
t a

l. 
(1

52
)

L
b.

 a
ci

do
ph

il
us

 L
A

F
T

I 
L

10
 a

nd
 L

b.
 p

ar
ac

a-
se

i L
A

F
T

I 
L

26

E
nh

an
ce

d 
In

te
rl

eu
ki

n 
10

 a
nd

 in
te

rf
er

on
 g

 p
ro

du
ct

io
n 

 
fr

om
 s

pl
en

oc
yt

es
Pa

tu
ri

 e
t a

l. 
(1

53
)



642 Donkor et al.

of IL-12, in contrast to an early burst of IL-4 which may come from NKT cells, mast cells, 
basophiles or already matured Th2 cells (105, 106). Altogether, exogenous stimuli such 
as pathogen-derived products, the maturational stage of APCs and cytokines will influ-
ence Th1/Th2 differentiation on a background of genetic factors. In addition, there is an 
impact from complex interactions between antigen dose, T-cell receptor (TCR) engage-
ment and MHC antigen affinities. Influential antigenic properties include the nature of the 
antigen, with bacteria and viruses promoting Th1-cell differentiation and helminths, the 
Th2 subset. Th2 differentiation also appears to be promoted by small soluble proteins 
characteristic of allergens (24, 33). However, other immune cells, such as regulatory T 
cells, can also intervene to block either Th1 or Th2 activity or in some cases even both. 
Several subsets of T cells with immunoregulatory properties with distinct phenotypes and 
distinct mechanisms of action have been identified. These include the antigen-induced 
Type 1 Tr cells which secrete high levels of IL-10 and low-to-moderate levels of trans-
forming growth factor (TGF-b) (107) and Type 3 T cells (Th3), which primarily secrete 
TGF-b, as well as the naturally-occurring, thymic-derived CD4+ CD25+ T cells, which 
inhibit immune response through cell–cell contact (106, 108).

34.9.1  Alleviating Th1/Th2 Imbalance: Downregulation of Th2
The lactobacilli, such as Lb. plantarum, Lb. lactis, Lb. casei and Lb. rhamnosus GG 

all appear to inhibit Th2 response in allergic patients. These bacteria significantly 
reduce IL-4 and IL-5 production by peripheral blood mononuclear cells (PBMC) when 
human cells are preincubated with lactobacilli prior to stimulation with specific aller-
gens. This mechanism requires the presence of monocytes and depends on Th1 
cytokines (IL-12 and IFN-g) (109). Using a food allergy model to study Th2 response 
in mice, Shida et al. (110) showed that the peritoneal injection of heat-killed Lb. casei 
Shirota induced an increase in serum IL-12 and a skewing of the cytokine profile from 
Th2 to Th1 with less IL-4 and IL-5 and more IFN-g produced. This caused lower secre-
tions of IgE and IgG1 antibodies by splenocytes, thereby preventing the systemic ana-
phylactic reaction. This phenomenon was specific to Lb. casei Shirota, since no effect 
was found with the Lb. johnsonii JCM 2012 injection. A shortcoming of this study was 
that the authors injected probiotic organisms into the peritoneum, which in no way 
reflects the real-life setting of the ingested probiotic organisms. In a study using a 
mouse model of lactoglobulin tolerance, Prioult et al. (100) provided evidence that 
probiotics modulate the oral tolerance response to the milk protein with also strain-
dependent effect. A double-blind clinical study in children who were allergic to cow’s 
milk also showed that the administration of Lb. rhamnosus GG for 4 weeks increased 
IFN-g production in PBMCs after stimulation with anti-CD3/anti-CD28. At the same 
time, it suppressed the secretion of IL-4, normally produced in large quantities after 
stimulation of the CD4+ T cells in allergic children (Table 34.3, (111)). This Th2 down-
regulation by Lb. rhamnosus GG could be explained by the presence of bacterial pro-
teases, which degrade casein and consequently influence the Th1/Th2 balance. In fact, 
an earlier study on allergic patients demonstrated that casein degraded by this probiotic 
organism reduced the production of IL-4 by blood-derived T cells after in vitro stimula-
tion with anti-CD3 antibodies (112). These studies suggest that some probiotics func-
tion to down-regulate the Th2 subset and skew the immune response towards Th1.
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Many studies have reported that probiotic strains exert their immunostimulatory 
effect by stimulating the pro-inflammatory production of cytokines. Probiotics can also 
increase the production of IFN-a. For example, ingested Lb. brevis subsp. coagulans 
(Labre) and B. lactis HN019 induced the production of IFN-a by subjects’ PBMCs (75, 
113). Miettinen et al. (114) also demonstrated that Lb. rhamnosus E509, Lb. rhamnosus 
GG and Lb. bulgaricus E585 strongly induced productions of IL-1b, IL-6, IL-18 and 
TNF-a in PBMCs and induced a moderate increase in both RNA and protein production 
of IL-12 and IL-10. However, other studies suggested that live probiotic bacteria may 
not be required to influence the immune system (115, 116). Using immunohistochemi-
cal analyses of mice intestines, it was shown that orally administered probiotics also 
influenced the local production of pro-inflammatory cytokines. Thus, the productions 
of TNF-a, IL-2 and IL-1b were enhanced when Lb. reuteri ML1 and Lb. brevis ML12 
were ingested (117). Lb. casei, Lb. delbrueckii subsp. bulgaricus and Lb. acidophilus 
also induced an increase in producer cells for TNF-a and IFN-g, whereas only Lb. aci-
dophilus increased the number of IL-2 and IL-12 producing cells. Finally, both Lb. 
delbrueckii subsp. bulgaricus and Lb. casei induced an increase in the number of IL-4 
and IL-10 producing cells (118). These two studies presented a strong argument for the 
existence of a wide variability in the strains that modulate local intestinal cytokine pro-
duction. Finally, Miettinen et al. (119) tested the immune system stimulation effects of 
dead versus live lactobacilli, concluding that live bacteria produced more TNF-a, IL-6 
and IL-10 in PBMCs than bacteria incubated with glutaraldehyde-fixed cells.

34.9.2  Alleviating Th1/Th2 Imbalance: Down-regulation of Th1
A Th1/Th2 balance is pivotal for immunological homeostasis and skewing towards 

Th1 due to defective Treg cell activity would, for example, lead to autoimmune disor-
ders such as Type 1 diabetes. As indicated by many in vitro and in vivo studies, the 
primary mechanism in this case lies in the induction of regulatory T cells that secrete 
IL-10 and TGF-b. A study in children with atopic dermatitis found that the consumption 
of Lb. rhamnosus GG increased IL-10 production in the serum (120). IL-10 is also a 
critical cytokine for the maintenance of tolerance to commensal intestinal bacteria. In 
its absence, mice developed severe intestinal inflammation (121). The administration of 
Lb. reuteri to IL-10-deficient mice reduced the development of colitis suggesting that 
probiotics exert an anti-inflammatory action in the intestine (122). Similarly, when 
IL-10 knockout mice were administered with Lb. salivarius and B. infantis, the anti-
inflammatory effects of these probiotics were thought to be caused by a reduced produc-
tion of the pro-inflammatory cytokines IL-12, IFN-g and TNF-a by splenocytes and 
Peyer’s patches cells (123, 124). Interestingly, Lb. salivarius 118 also diminished intes-
tinal inflammation in IL-10-deficient mice by down-regulating the production of pro-
inflammatory Th1 cytokines, even when bacteria were injected subcutaneously 
indicating that it may not always be necessary to administer probiotics orally (125).

The role of Treg cells was further supported by a study that showed an increase in 
Treg numbers following probiotic administration (98). This probiotic administration 
was associated with an early increase in the production of IL-10 and an increased 
number of regulatory CD4+ T cells bearing surface TGF-b in the form of latency- 
associated protein (LAP). The expression of Treg cells was dependent on the IL-10 
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production since the application of anti-IL-10R mAb blocked their appearance. 
Furthermore, Lb. reuteri and Lb. paracasei attenuated intestinal inflammation caused 
by Helicobacter hepaticus in IL-10-deficient mice by reducing the expression of 
TNF-a and IL-12 in the colon, which did not affect the number of pathogenic 
Helicobacter hepaticus present in their digestive tract (126). Similarly, the consump-
tion of Lb. rhamnosus GG relieved symptoms of atopic dermatitis likely due to a 
reduction in the production of intestinal TNF-a as measured in the feces (127). Mucosa 
samples isolated from patients with Crohn’s disease and incubated with Lb. casei 
DN114001 or Lb. bulgaricus LB10 also produced substantially less TNF-a. This phe-
nomenon, however, required the presence of live bacteria (128). Similarly, in another 
recent study (129), when intestinal mucosal extracts isolated from Crohn’s patients 
were co-cultured with Lb. casei DN114001, the production of IL-6 and TNF-a was 
significantly reduced. Nevertheless, some probiotic strains, such as Lb. johnsonii, were 
unable to decrease TNF-a production by macrophages upon stimulation. This again 
suggests a strain-dependent effect for probiotics used to control inflammatory reac-
tions (130). In other Th1-mediated autoimmune disease models, it has been shown that 
probiotics can alleviate inflammatory symptoms. For example, in a murine rheumatoid 
arthritis model, Lb. casei Shirota mitigated arthritis development by reducing the Th1 
response (131). Lactobacilli also exhibited an effect in the experimental autoimmune 
encephalomyelitis (EAE) animal model of multiple sclerosis. However, the effect was 
strain-dependent. For example, Lb. reuteri aggravated EAE, whereas Lb. casei and Lb. 
murines were beneficial to inducted mice (132). To summarize, study findings using 
animal models suggest that the administration of probiotics can affect individuals 
afflicted with autoimmune disease. However, further studies should be conducted on 
humans to assess whether the consumption of probiotics might aggravate autoimmune 
disease. The risk is that a probiotic that steers the immune system towards a Th1 
inflammatory response could prove harmful to patients suffering from  Th1-mediated 
autoimmune disease (133).

34.10  DIFFERENTIAL STIMULATION OF TH1 OR TH2  
RESPONSE IN HEALTH AND DISEASE

Several studies have shown that specific strains of probiotics are able to selectively 
stimulate either Th1 or Th2 responses (Table 34.1). It has also been shown that some 
probiotic strains are able to exert both pro-inflammatory and anti-inflammatory effects 
depending upon the health status of an individual. For example, supplementation with 
Lb. rhamnosus HN001 has been shown to enhance phagocytic and NK cell cytolytic 
capacity and IFN-a production in healthy individuals (76, 77) and suppress the develop-
ment of atopic dermatitis in high-risk children (134) through the induction of immu-
noregulatory responses (135). Similarly, Lactobacillus GG supplementation was reported 
to increase the expression of phagocytosis receptors (CR1, CR3, FcgRI and FcaR) on 
neutrophils in healthy subjects but had an opposite effect in milk-hypersensitive subjects 
(78). Similarly, observations in healthy volunteers and patients with atopic dermatitis 
have been made by Roessler et al. (136). In summary, many studies have shown that 
each probiotic appears to influence the immune system in a particular fashion. In other 
words, immunomodulation properties are bacteria-specific.
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34.11  CONCLUSIONS AND PERSPECTIVES

Probiotic consumption is associated with a range of health benefits including the 
modulation of the immune system. Numerous animal model and human clinical studies 
have shown that specific strains of probiotics are able to exert immunostimulatory and 
immunoregulatory effects depending upon the health status of an individual. In a 
healthy state, probiotic intake has been shown to enhance phagocytic and natural killer 
cell functions, and augment specific antibody responses to both bacterial and viral vac-
cines and infections. This enhanced immune responsiveness has been suggested to play 
a key role in probiotic-mediated protection against infectious diseases (gastrointestinal 
and respiratory tract infections) and cancers. In a disease state, associated with the per-
turbation of immunological homeostasis (polarization of immune responses towards 
Th1 or Th2 phenotype), probiotics have been found to confer health benefits by restor-
ing the Th1versus Th2 balance. For example, specific strains of probiotics have been 
shown to be effective in reducing the incidence and/or relieve the symptoms of atopic 
eczema and in maintaining remission in patients with pouchitis or ulcerative colitis. 
Recent studies, mainly in experimental animals, have also highlighted the potential of 
using probiotics for the prevention/management of autoimmune disorders such as rheu-
matoid arthritis, multiple sclerosis and Type 1diabetes mellitus. However, these effects 
still remain to be validated in properly designed clinical trials. The exact mechanisms 
by which probiotics mediate their disparate effects are not fully known. Emerging evi-
dence suggests that probiotics may mediate these immunoregulatory effects through the 
induction of regulatory T cells. It is important to note that the nature of immunomodula-
tory effects of probiotics are strain-dependent and the viability of organisms is critical 
for their maximal effect. Furthermore, most of the health benefits associated with pro-
biotics have been demonstrated only for a small number (and in some cases only for a 
single strain) of probiotic strains.
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Key Points

Intestinal mucosa has a single cell layer of epithelial cells that separates the gut •	
lumen harboring the commensal flora and food-born pathogenic antigens from the 
body.
Ulcerative colitis and Crohn disease are the chronic nonspecific inflammatory bowel •	
diseases (IBD).
Recently, the number of patients with CD and UC has been increasing in Asia and the •	
other European countries as well as North America and Western Europe.
Intestinal environmental factors such as foods and microbes are very important for •	
the pathogenesis of IBD.
Changes in dietary habits taking high-fat high-sugar Westernized foods and resultant •	
changes in the intestinal microbial community composition may increase incidence 
in the occurrence of IBD.

Key Words: Crohn disease, elemental diet, environmental factors, westernized foods, 
IBD, intestinal microbes, metabolic syndrome, parasites, probiotics, ulcerative colitis.

35.1  INTRODUCTION

Intestinal mucosa has a single cell layer of epithelial cells that separates the gut 
lumen harboring the commensal flora and food-born pathogenic antigens from the 
body. Normal intestinal mucosa has no hypersensitivity against the commensal flora 
because of oral tolerance. Gut-associated lymphoid tissue (GALT) protects the intes-
tinal mucosa from the intestinal antigens by producing secretory IgA and Transforming 
Growth Factor (TGF) b and interleukin (IL)-10 which are immuno-suppressive 
cytokines. In addition to these cytokines, IL-22, a T helper 17 (Th17) T cell associated 
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cytokine, and one of NK cell subsets may play an important role in the intestinal 
mucosal protection (1). IL-22 is expressed by Th17 cells, one of NK cell subsets, 
NKT cells, CD8 cells and gdT cells. However, IL-22 is bifunctional in that it has both 
proinflammatory and protective effects on tissues depending on the inflammatory 
conditions. The expression of IL-22 by the colon induces mucus-associated molecules 
such as MUC1, MUC2, and MUC3, leading to enhanced mucus production due to the 
restitution of goblet cells and defensin expression in the colonic cells. NK cells 
develop from hematopoietic stem cells, acquire functional capacities to produce 
interferon-g and TNFa, and also perform critical functions in innate and adaptive 
immune responses. Homeostasis of intestinal NK cells is maintained through signals 
derived from interaction with the commensal flora. NKp46+IL22+ cells express the 
nuclear hormone receptor retinoic acid receptor-related orphan receptor t(RORg  t) 
and IL-22. These intestinal NKp46+IL22+ cells are generated via a local process that 
is conditioned by the commensal flora.

Ulcerative colitis (UC) and Crohn disease (CD) are the chronic nonspecific inflam-
matory bowel diseases (IBD) with unknown etiology. UC was described by Wilks and 
Moxon in 1859, and CD by Crohn, Ginzburg and Oppenheimer in 1932 with their clini-
cal and pathological analyses, respectively (2). UC is a disease involving mainly the 
colon and rectum and CD is a disease involving mainly the terminal ileum and/or the 
colon. Human and murine studies on CD have shown an increased expression of 
T-helper 1 (Th1) cytokines by intestinal lamina propria lymphocytes characterized by 
the excessive production of interleukin (IL)-12/IL-23, interferon g, and tumor necrosis 
factor (TNF) a. T-helper cells are thought to differentiate into Th1 and Th2, and recently 
Th17 cells producing IL-17. UC is an atypical Th2 one (3, 4). In these diseases, primary 
dysregulation of the mucosal immune system leads to excessive immunologic responses 
to the normal microflora, or changes in the composition of intestinal microflora, and 
deranged epithelial barrier function may elicit pathologic responses from normal 
mucosal immune system (5).

Recently, the number of patients with CD and UC has been increasing in Asia and 
the other European countries as well as North America and Western Europe. These 
changes in incidence rates may be influenced by various environmental factors, 
because etiopathogenesis of IBD has been thought to be driven from the mutual reac-
tions among host susceptibility genes (CARD15/NOD2, HLA-class II), environmen-
tal factors including intestinal flora and food antigens, and abnormal immune 
balance (6). There are many environmental factors listed up until now: intestinal 
microbes and their components, foods, smoking, public hygiene, and so on (7). 
Geographic and sequential study on the incidence of IBD will give us the clues to 
clarify its etiopathogenesis.

35.2  INCREASED INCIDENCE OF CD AND UC:  
WESTERNIZATION OF LIFE STYLE?

UC had not been a common disease before 1945 with an average annual incidence 
rate of 4 per 100,000 population, but after 1945 it showed a gradual rise in an average 
annual incidence rate. The incidence of CD and UC in West European countries had 
started to increase after 1960 and 1950, respectively (7). Ehlin et al.’s study on the 
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prevalence of gastrointestinal diseases in two British national birth cohorts had shown 
that the prevalence rates of CD at age 30 years in the 1970 cohort were higher than 
those in the 1958 cohort, and that those of UC were similar between them (8). In 
France, the mean annual incidence rate of CD increased from 5.2 per 100,000 inhabit-
ants in 1988-1990 to 6.4 in 1997-1999, but the incidence of UC decreased from 4.2 
to 3.5, respectively (9). In a county of USA, the crude rate of UC was 6.3 cases per 
100,000 persons a year between 1940 and 1993. However, the adjusted incidence rate 
of UC increased from 0.6 cases per 100,000 persons a year in 1940–1943 to 8.3 cases 
in 1984–1993 (10). A peak rate was observed from 1974 to 1983. In other words, the 
incidence rate of UC seems to have reached a plateau in the Western Europe and 
North America.

A steep rise in the incidence of CD in Europe began after 1960 with economical 
development and improved sanitary environment, and a high incidence of CD and a low 
incidence of UC were reported in the 1980s. However, in Asia, Eastern Europe, and 
South America, the annual incidence rate of UC and CD had been low before 1990, but 
it has been steadily increasing in the last 10 years with economical development (11).

In Japan, CD was a rare disease and UC was a not so common until 1975. In Japan, 
UC and CD patients have been registered as those of the intractable diseases for the 
national epidemiological survey by the Japanese Department of Ministry of Health, 
Labour and Welfare since 1973. The data showed that the number of patients with UC 
and CD has been increasing until now (12). Susceptibility genes and immunological 
response of Japanese people are thought not to change in the past several decades 
because of limited immigrants. The number of patients with UC in Japan had started to 
increase after 1980, followed by CD.

Recent reports from China showed a rising incidence of CD with Westernizing life-
style. In a district of Korea, an adjusted mean annual incidence rate of UC was 0.63 per 
100,000 inhabitants in 1986 and 7.57 in 1997, respectively (13).

35.3  ENVIRONMENTAL FACTORS

The number of patients with CD and UC has been increasing in Western Europe and 
North America with the Western economic growth after the Second World War and then 
behind those countries in the other European countries and Far Eastern districts of Asia. 
Therefore, the environmental factors containing intestinal milieu are suggested to be 
very important for the pathophysiology of IBD.

Diet, intestinal microbes or their components, appendectomy, breast feeding, public 
sanitation, early domestic hygiene including running hot water supplies and fixed bath 
or shower, Helicobacter pylori status, smoking, contraceptives, and Western lifestyle 
have been proposed as candidates for inducing the abnormal immunological response 
of the digestive tract (14–17). In terms of the nutritional factors, cola drinks and choco-
late consumption were positively associated with the development of CD and UC, 
while citrus fruit consumption was negatively associated with it (18). The strong evi-
dence for the pathogenesis of UC is that many studies showed an inverse association 
between previous appendectomy and the development of UC (pooled values of 
ORs  =  0.35, 95% CI, 0.28–0.43) (12). Appendectomy at less than 20 years reduced 
the occurrence of UC, but not CD (Fig. 35.1). However, there is no relationship 



660 Asakura and Suzuki

between CD and  appendectomy (pooled values of ORs  =  1.01, 95% CI, 0.39–2.63). 
The occurrence of UC increased by ceasing smoking (pooled values of ORs  =  2.35, 
95% CI, 1.69–3.29) and decreased by smoking (pooled values of ORs  =  0.34, 95% CI, 
0.12–0.93). Moreover, smoking worsened the clinical features of CD (pooled values of 
ORs  =  1.51, 95% CI, 1.2–1.89).

Fig. 35.1. Odds ratio in the relationship between foods and habits and IBD.
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35.3.1  Foods and IBD
The average of daily consumption of dietary animal meats, fish, milk and its prod-

ucts, animal fats, sugar, rice, green vegetables, and fruits taken by Japanese people each 
year from 1955 to 2006 are shown in Fig. 35.2. Dietary animal meats and fats, and milk 
products are characteristic of Westernized foods. The daily consumption of dietary ani-
mal meats and fats, and milk products has increased since around 1960 and the con-
sumption of rice which is a vegetable protein and starch had rapidly decreased. Short 
chain fatty acids are the end products of anaerobic bacteria break down of carbohydrates 
in the colon and they are readily absorbed by intestinal mucosa and trophic to the intes-
tinal mucosa (19). Rice is thought to be a protective food for the colon and rectum.

35.3.1.1  Animal-Derived Foods

Foods significantly associated with the occurrence of CD were meats (Sakamoto; 
OR  =  1.90, 95% CI, 0.95–3.78), fishes/shellfish (Sakamoto; OR  =  2.41, 95% CI, 
1.18–4.87), fats/oil (Sakamoto; OR  =  2.64, 95% CI, 1.29–5.39), sweets/sugar/confec-
tioneries (Persson and Tragnone; pooled values of RR  =  2.88, 95% CI, 1.75–4.75, 
Sakamoto; OR  =  2.83, 95% CI, 1.38–5.83), and fast foods (Persson; RR  =  3.4, 95% 
CI, 1.3–9.3). However, there are no significant values in soft/cola drink (Bernstein and 
Russel; pooled values of OR  =  1.23, 95% CI, 0.39–3.92) (20–23).

Foods significantly associated with the occurrence of UC were meats (Jowett and 
Sakamoto: pooled values of OR  =  1.99, 95% CI, 0.84–4.72), sweets/sugar/confectioneries 
(Jowett and Sakamoto; pooled values of OR  =  1.63, 95% CI, 0.55–4.85, Persson and 
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Tragnone; pooled values of RR  =  2.52, 95% CI, 1.02–6.23), confectioneries (Persson 
and Tragnone; pooled values of RR  =  2.88, 95% CI, 1.75–4.75, Sakamoto; OR  =  2.83, 
95% CI, 1.38–5.83), and fast foods (Persson; RR  =  3.4, 95% CI, 1.3–9.3). However, 
there are no significant values in soft/cola drink (Bernstein and Russel; pooled values of 
OR  =  1.23, 95% CI, 0.39–3.92). Persson et al. emphasized that the relative risks of fast 
foods were 3.4 for CD and 3.9 for UC (23). Jowett et al. reported that dietary factors such 
as a high meat or alcoholic beverage intake were identified to be associated with an 
increased likelihood of relapse for UC patients (21). One of the reasons is that hydrogen 
sulfide which is a bacterially derived cell poison is produced in the large intestine from 
the dietary animal meats and milk (24, 25).

Fish oils are rich in the long-chain n-3 polyunsaturated fatty acids, eicosapentae-
noic and docosahexaenoic acids. Linseed and green plant tissues are rich in the 
precursor fatty acid, a-linolenic acid. Most of the vegetable oils are rich in the n-6 
polyunsaturated fatty acids linoleic acid, the precursor of arachidonic acid. 
Arachidonic acid-derived eicosanoids (prostaglandin E2) are proinflammatory. 
Therefore, fish oils are considered anti-inflammatory. Proinflammatory cytokines 
secretion such as TNF-a, IL-8, and IL-1b by human macrophages was induced by 
palmitic acid, stearic acid, but not by the shorter chain saturated fatty acids. Linoleic 
acid upregulated the production of IL-8 by human intestinal smooth muscle cells 
from patients with CD via arachidonic acid metabolites (26). The ratio of w3/w6 is 
important for the pathogenesis of IBD. A European prospective cohort study showed 
that the highest quartile of intake of linoleic acid was associated with an increased 
risk of UC (OR  =  2.49) (27).

The number of patients with IBD had increased about 20 years after an initial 
increase in the daily consumption of dietary animal meats and fats, and milk products 
and after a decrease in the consumption of rice. However, there are no remarkable 
changes in the average of daily consumption of green vegetables, bean, and sugar except 
fruits. The data also suggested the reverse relationship between an increase in the 
number of IBD patients and a decrease in the consumption of rice as a staple Asian 
food, implying an increase in the consumption of breads containing yeast organisms. 
IgG and IgA anti-Saccharomyces cerevisiae (bakers’ yeast) were significantly detected 
in patients with CD (28). These antibodies could be detected in normal healthy control, 
but their titers were low when compared with those of CD.

35.3.1.2  Elemental Diet and Histidine

It is generally accepted that elemental diet is very effective for the treatment of CD 
(29). The alteration of bacterial flora, low antigenicity, low fat, and the improvement 
of nutritional status are postulated as the anti-inflammatory effects of elemental diet. 
Elemental diet amino acids ameliorated intestinal inflammation of IL-10−/− cell transfer 
colitis models in a dose-dependent manner. Incubation of intestinal mucosa tissues 
obtained from CD with elemental diet increased the ratio of interleukin-1 receptor 
antagonist per interleukin-1 compared with control, but not that from UC (30). In addi-
tion, an elemental diet was effective in normalizing an abnormal lactulose breath test 
in irritable bowel disease subjects, suggesting that elemental diet had an effect in 
alteration of intestinal bacterial flora (31). However, dietary fat influenced the thera-
peutic effects of enteral diets in CD. Polymeric enteral diet high in oleate and low in 
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linoleate lowered the remission rate of CD compared with that high in linoleate and 
low in oleate.

Recently, several amino acids have been reported to contribute to the modulation of 
intestinal inflammation in animal colitis models. Dietary glutamine supplement had 
prophylactic effects on IL-8 and TNFa production in trinitrobenzene sulphonic acid-
induced colitis. Dietary glycine prevented chemical-induced experimental colitis in the 
rats. Histidine-added normal diets but not alanine and glutamine suppressed intestinal 
inflammation of IL-10−/− cell transfer colitis models in a dose-dependent manner (32). 
One of the mechanisms to suppress an inflammatory response by histidine will be that 
dietary histidine showed anti-inflammatory effects on the production of TNFa by mac-
rophages and monocytes. However, histamine and histidine metabolite carnosine hardly 
suppressed the production of TNFa and IL-6. Histidine has a capacity as a scavenger 
of the hydroxyl radicals and inhibited the production of IL-8 by intestinal epithelial cell 
lines treated TNFa or oxidative stress.

When patients with CD will take the conventional diet, they are apt to relapse, sug-
gesting that there may be something in the conventional diet to activate a Th1 immune 
response. A recent study reported that the elimination of yeasts and milk from diets was 
beneficial for IBD patients. Cow’s milk protein may initiate an immune response in the 
intestinal mucosa and may be responsible for the activation of cell-mediated immunity 
after enteric infection or inflammation (33). However, the milk-tolerance theory of UC 
was denied, but removing foods rich in sulfur amino acids in milk, eggs, and cheese has 
been proven to be a therapeutic benefit in UC.

35.3.1.3  Metabolic Syndrome

There has been an increasing number of children with metabolic syndrome in the 
USA and Europe, because they have eaten high calorie foods like sweets containing fat. 
In addition to it, the number of children suffering from CD has been increasing in the 
USA. It has been noticed by surgeons that there is a creeping fat containing CD68-
positive macrophages around the intestinal mesenterium of CD patients. These adipose 
tissues produced Peroxisome proliferator activator receptor (PPAR) g and TNF a, and 
secreted vascular endothelial growth factor, adiponectin, macrophage colony-stimulat-
ing factor, leptin, and migration inhibitory factor (34–36). Unbalance between inflam-
matory and anti-inflammatory factors produced by adipose tissues may play an 
important role in the pathogenesis of CD. However, whether or not this phenomenon is 
a consequence of a kind of abnormal metabolic syndrome induced by Westernized 
foods is necessary to be clarified.

A high-fat diet increased the proportion of lipopolysacchride (LPS)-expressing bac-
teria in the gut. Endotoxin/LPS, which are key constituents of gut bacteria play a central 
role in innate immune-response. Remarkable fatty mice, ob/ob mice showed a reduction 
in Bacteroidetes and a proportional increase in Firmicutes (primarily Streptococcaceae). 
The microbiota of these mice promote the absorption of monosaccharides from the gut 
lumen, resulting in the induction of de novo hepatic lipogenesis. Fasting-induced adi-
pocyte factor (Fiaf), a member of angiopoietin-like family of proteins, is selectively 
suppressed in the intestinal epithelium of normal mice by conventionalization. The sup-
pression of Fiaf promoted the microbiota-induced deposition of triglycerides in adi-
pocytes (37, 38).
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35.3.2  Microbes and IBD
When animals are born, there are no microbes in their intestinal lumen. The intestinal 

microflora will be established in a week after birth. These intestinal microflora are 
essential for the development and maturation of the mammalian immune system. When 
mice are fed under the germ-free conditions, the population of CD4+T cells, IgA-
producing B cells, intraepithelial T cells, and dendritic cells in the gut is decreased. 
Intestinal microflora and lipopolysaccharide contents derived from the diet influenced 
the development of T cells including regulatory CD4 cells, suggesting that they induced 
the oral tolerance of the host with production of IL-10 and IFN-g (39). The human 
intestinal microflora is estimated to contain 500–2,000 species and their population is 
estimated to be 1013–1015.

The pathogenesis of UC and CD is not fully understood, but an immunological 
response to intestinal antigens in those patients is thought to be abnormal when com-
pared with that in control people (5). When mice or rats developing nonspecific entero-
colitis similar to UC and CD in the conventional conditions were raised in germ-free 
conditions, their enterocolitis was not induced or reduced in clinical severity, suggesting 
that intestinal microbes are very important for the pathogenesis of IBD (39).

35.3.2.1  Specific Pathogens

At first, Mycobacterium sepsis had been thought to be a pathogen of CD, because of 
the similarities in the diseased sites, granuloma formation, and clinical features between 
CD and intestinal tuberculosis. Since the pathological features of CD mimics those of 
intestinal tuberculosis and Johne’s disease in cattle, Mycobacterium avium subspecies 
have been proposed for the pathogens of CD (41–43). There have been available many 
reports on the detection of serum antibodies against Mycobacterium paratuberculosis 
with positivity of 40–87%. However, there are reports of conflicting results about the 
presence of Mycobacterium and Listeria monocytogenes. Combination antibiotic ther-
apy against Mycobacterium was not effective for CD (44).

35.3.2.2  Intestinal Macrophages and Microbes

Bacterial DNA within the granulomas of patients with CD detected by PCR showed 
a presence of E. coli DNA, suggesting nonspecific pathogens for the pathogenesis of 
CD (45). The molecular characterization of rectal mucosa-associated bacterial flora in 
IBD showed the reduction in mucosa-associated Bifidobacteria and an increase in E. 
coli and Clostridia.

Intestinal dendritic cells (DCs) extend their transepithelial dendrites into the intesti-
nal lumen and sample intestinal contents for signs of intestinal foreign substances. 
Macrophages, the major population of tissue-resident mononuclear phagocytes, play a 
role in bacterial recognition and elimination as well as in the polarization of innate and 
adaptive immunities. Intestinal macrophages produce several anti-inflammatory 
cytokines like IL-10 and TGF b and induce the differentiation of Foxp3+ T reg by a 
mechanism dependent on IL-10 and retinoic acid. Intestinal macrophages also produce 
the inflammatory cytokines such as TNFa, IFNg, and IL-6. While a small number of 
CD14+ cells are present in normal human intestine, these cells are significantly increased 
in the intestinal mucosa of patients with CD and UC. CD14+ CD33+ cells (CD33 is a 
marker of intestinal macrophage) produced large amounts of proinflammatory cytokines 
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such as IL-12/IL-23p40, IL-23, TNFa, and IL-6 in response to commensal bacteria 
stimuli. These macrophages in CD are derived from the monocytes originated from 
bone marrow. IFN-g in the mucosa of CD led to abnormal macrophage differentiation, 
resulting in hyperproduction of IL-23 (46).

35.3.2.3  Changes in Commensal Floral Clusters

Intestinal microflora can be identified by three methods; culture methods of micro-
flora, quantitative PCR using 16S rRNA gene-targeted group-specific primers, and 
Terminal Restriction Fragment Length Polymorphism analysis (T-RFLP). The clusters 
of human fecal microbes profile by T-RFLP method were divided in 7 or 8 clusters 
using digestion with restriction enzymes of BslI and HhaT and/or MspI, respectively 
(47, 48). The clusters of fecal microbes in the healthy subjects were included in the 
clusters I, II, and III when digested with Bs1I and in the cluster I when digested with 
HhaT. The clusters of the feces of CD patients were included into IV to VII group 
clusters and those of UC patients were divided into other groups except I. Therefore, 
the clusters of the fecal microbes in the IBD patients were different from those in 
healthy subjects. Frank et al.’s study showed that the IBD subset and control subset 
species of mucosal microbes were composed of distinct microbial communities (49). 
Andoh et al. reported that the population of Clostridium cluster IV, Clostridium cluster 
XI, and subcluster XIVa was decreased and Bacteroides significantly increased in CD 
patients when compared with that of healthy subjects and that Ruminococcus, 
Eubacterium, Fucobacterium, Gammaproteobacteria, unclassified Bacteroides, and 
unclassified Lactobacillus were detected in the UC patients, but not in the healthy 
individuals. However, the specific pathogen was not detected in the intestinal micro-
flora of the IBD patients. On the other hand, Frank et al.’s study showed that UC and 
CD colonic samples contained fewer sequence type representatives of Bacteroides and 
the Lachnospiraceae subset of Firmicutes. A reduction of a major member of Firmicutes 
was associated with a high risk of postoperative recurrence of ileal CD (50). The con-
centration of propionic and butyric acids in the feces were significantly decreased in 
patients with IBD (51).

35.3.2.4  Influence of Westernized Foods on Intestinal Microflora

What is the reason for an increase in the number of patients with IBD in the Asian 
area after that in USA and Western Europe area? Are there any differences in the fecal 
microflora between Caucasian and Asian people? There is available a report on that the 
number of Eubacteria, Bifidobacteria, and Veillonellae in the fecal microflora was 
higher in the Japanese than in the Canadians and that the number of Bacteroide vulga-
tus, Clostridium coccides, and Bacillus species was lower in the Japanese than in the 
Canadians (52). The fecal microflora of people living in rural areas (it means eating 
typical Japanese foods) and of people living in urban areas (it means eating less typical 
Japanese foods) in Japan was different in the number of Bifidobacteria, which was 
higher in the rural people (53). A lower number of Clostridium species was observed in 
people eating brown rice which contains a good amount of food fibers (54). However, 
there is a report that diets containing high animal fat do not alter the fecal microflora, 
but influence fecal bile acid excretion (55). 16S ribosomal DNA polymerase chain reac-
tion and temperature gradient gel electrophoresis analyses revealed a profound 
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 modification of the fecal microflora after taking exclusive enteral nutrition in CD 
patients. These data suggested that some kinds of foods may influence the population 
of the intestinal microflora.

35.3.2.5  Defensins and toll-like receptors

There have been reported several studies that childhood environmental factors were 
involved in the development of IBD. Helicobacter pylori seroprevalence was decreased 
in CD patients but not in UC. Lack of breast feeding was associated with an increased 
risk of CD and UC. There is a report that there was high prevalence of adherent-invasive 
Escherichia coli associated with ileal mucosa in CD (45). Caucasian CD patients had 
mutations in CARD15/NOD2 (nucleotide-binding oligomerization domain 2 56). 
CARD15/NOD2 function is thought to be an antibacterial factor in human intestinal 
epithelial cells (57). Single nucleotide polymorphism of NOD2 which activates nuclear 
factor NF-k B is one of the candidates for the susceptibility genes of CD, because 
CARD15/NOD2 is expressed in intestinal epithelial cells and triggers human beta-
defensin (HBD)-2 transcription (58, 59). In CD patients with a mutation in the NOD2 
gene that is an intracellular peptidoglycan receptor, the ileal Paneth cell defensins, 
HD-2 and HD-3, which are antimicrobial peptides were diminished.

These immune responses may be induced by defects in the epithelial barrier, an 
increased intestinal permeability, adherence of bacteria, and a decreased expression of 
defensins. Intestinal epithelial cells have Toll-like receptors (TLR) to exert direct anti-
bacterial effects via the secretion of antimicrobial peptides and to play an important role 
in the interrelation between the innate and the adaptive immunity of the intestine.TLR2 
is a ligand of muramyl dipeptide (MDP) derived from peptidoglycan (PGN), TLR4, a 
ligand of LPS, and TLR5, a ligand of flagellin. Bacterial flagellin is a dominant antigen 
in CD (60). Moreover, there have been many antibodies against intestinal bacterial anti-
gens in the serum of patients with CD. The ligation of TLR5 induces rapid activation of 
interleukin-1 receptor-associated kinase 4 (IRAK-4) leading to the activation of MAP 
kinases and IkB kinase, which results in the activation of NF-kB driving the production 
of proinflammatory genes such as the neutrophil chemoattractant IL-8 (61). NOD2 
mutant macrophages were reported to produce larger amounts of IL-12 in response to 
stimulation with microbial components than wild-type macrophages. Therefore, defects 
in the innate immune response that are important for immunological protection against 
intestinal microbes may contribute to the development of CD, especially in the ileal 
type. However, Japanese and Korean patients with CD had no mutations in CARD15/
NOD2 gene. Therefore, there will be many routes between the intestinal microbes and 
intestinal epithelial cells and lamina propria antigen-presenting cells for the develop-
ment of CD. Dendritic cells will be activated by TLR signaling, in MyD88-dependent 
or independent pathway, and then produce interferon g, TNF-a, IL-6 and IL-12/18. 
Thus, T cells activated by antigens may undergo distinct developmental pathways, get-
ting properties and effector functions.

35.3.2.6  Probiotics

The alteration of the intestinal microflora by prebiotic or probiotic therapy may 
induce and maintain remission in colitis mice. VSL#3 probiotic mixture contains 450 
billion live lactic acid bacteria that are normally present in the healthy digestive tract. 
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VSL#3, which contains Lactobacilli species and Bifidobacteria, is good for the intestine 
and induced remission in patients with active UC (62). In addition, oral administration 
of Lactobacillus GG induced and maintained remission of some patients with CD. One 
of the reasons to explain this mechanism is that bacterial flagellin is a dominant antigen 
in CD. When the intestinal epithelial cells were exposed to flagellin, they produced 
chemokines that induced the subsequent migration of immature dendritic cells, proba-
bly via TLR5.

Ewaschuk et al. listed that Bacteroides spp, Enterococcus faecalis, Enterobacter 
cloacae, intestinal Helicobacter spp, Fusobacterium spp, adherent/invasive E. coli 
strains, Eubacterium, and Peptostreptococcus spp, were selected as the aggressive intes-
tinal microbes and that the beneficial intestinal microbes were Lactobacillus spp, 
Bifidobacterium spp, Streptococcus salivarius, Saccharomyces boulardii, Clostridium 
butyricum, Ruminococci, and E. coli Nissle 1917 (63). The VSL#3 probiotic formula 
induced mucin gene expression and secretion in colonic epithelial cells (64). This phe-
nomenon may be explained by the fact that soluble proteins produced by probiotic 
bacteria regulated intestinal epithelial cell survival and growth (65).

Vanderpool proposed mechanisms of probiotic action as follows (66);

1. Probiotics block intestinal pathogenic bacterial effects with competitive exclusion
2. Probiotics produce antibacterial substances such as b-defensins, bacteriocins, heat-shock 

proteins, and altering luminal pH
3. Probiotics regulate mucosal immune responses via TLR or M cells
4. Probiotics increase anti-inflammatory cytokine production and suppress proinflammatory 

cytokine production
5. Probiotics enhance epithelial barrier integrity.
6. Probiotics prevent cytokine-induced apoptosis.

Probiotics and prebiotics have been the therapies for ameliorating chronic intestinal 
inflammation and may be the preventives against IBD for people having  disease- 
susceptibility genes.

There is a difference in incidence of colon cancer between African Americans and 
Native Africans. The incidence of colorectal cancer is remarkably higher in African 
Americans than in Native Africans. O’Keefe’s study reported that compared with Native 
Africans, African American consumed more protein and fat, meat, saturated fats, and 
cholesterol, meaning the Westernized foods (67). Colony counts of 7-alpha dehydroxy-
lating bacteria in African American were higher and those of Lactobacilli were lower. 
They hypothesized that interactions between the dietary and bacterial environments was 
important for colorectal cancer risk. Conventional Westernized foods may alter the intes-
tinal microbes, probably resulting in changing intestinal epithelial character.

35.3.3  Parasites: Th2 Response
Another important environmental factor is parasite infection in the digestive tract. A 

few studies have reported that intestinal parasites inducing a Th2 paradigm had pre-
vented the relapse of CD and UC (68, 69). Lymphocytes from the inflamed intestine of 
CD produced a Th1 pattern of cytokines. Parasite colonization may provoke a mucosal 
Th2 response. CD is the most prevalent in highly industrialized countries with  temperate 



668 Asakura and Suzuki

climates and it occurs rarely in the tropical third world countries with poor sanitation. 
The prevalence of helminthes in the United States has been declining for the past 60 
years. Since a Th2 immunological response can suppress a Th1 response, Sumers group 
had thought that parasite infection in the intestinal tract might be effective for the treat-
ment of CD. Their studies showed that administration of Trichuris suis seemed to be 
safe and effective in the treatment of IBD.

The detection rate of parasite ova consisted of mainly roundworm and pinworm in 
the stools of the first grade pupils in elementary schools, was obtained from the annual 
Japanese reports. The relationship between the detection rates of parasite ova in the 
stools of the first grade pupils in elementary schools and the registered number of 
patients with CD is shown in Fig. 35.3. After the detection rates of parasite ova were 
few, the number of patients with IBD had started to increase.

35.4  CONCLUSIONS AND pERSpECTIVES

There is time lag between the increased number of patients and alteration in food 
consumption. An increase in the number of patients with IBD was observed about 20 
years after an increased consumption of animal-derived foods. A high incidence of IBD 
was observed in two to three decades in CD and in three to fourth decades in UC. It may 
take about two to three decades to develop the IBD signs and symptoms in humans. 
Even in the susceptibility gene-bearing animals developing the spontaneous colitis, 
after birth it took 5–7 weeks in T cell receptor mutant mice, 6–15 weeks in mice with a 
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disrupted interleukin-2 gene, and 12 weeks in IL-10 knockout mice to develop the 
 spontaneous colitis, (70, 71).

Mizoguchi reported an interesting study that appendectomy at a young age (3–5 
week) of T cell receptor-alpha mutant mice suppressed the development of colitis, but 
appendectomy after that was hard to protect mice from developing colitis (72). This fact 
may imply that a long-term exposure to intestinal internal and external antigens is 
needed to develop clinical manifestation of IBD.

This review may support that intestinal environmental factors such as foods and 
microbes are very important for the pathogenesis of IBD. However, further directly 
proven study will be needed, because most studies may lack direct evidence linking to 
the pathogenesis of IBD. The consumption of a high-fat high-sugar Western diet induces 
obesity and may be associated with the occurrence of CD, resulting in changes of 
microbial community composition such as reduction in bacteroidetes and a proportional 
increase in Firmicutes.

In conclusion, changes in dietary habits, taking Westernized foods, and the  resultant 
changes in the intestinal microbial community composition may increase incidence  
of IBD.

REFERENCES

 1. Satoh-Takayama N, Vosshenrich CAJ, Lesjean-Pottier S, Sawa S, Lochner M, Rattis F, Mention JJ, 
Thiam K, Cerf-Bensussan N, Mandelboim O, Ebent G, Santo JP (2008) Microbial flora drives inter-
leukin 22 production in intestinal NKp46+ cells that provide innate mucosal immune defense. Immunity 
29:958–970

 2. Kirsner JB (1985) Inflammatory bowel disease at the university of Chicago – the first 50 years: some 
personal reflections. Am J Gastroenterol 80:219–227

 3. Cobrin GM, Abreu MT (2005) Defects in mucosal immunity leading to Crohn’s disease. Immunol Rev 
206:277–295

 4. Targan SR, Karp LC (2005) Defects in mucosal immunity leading to ulcerative colitis. Immunol Rev 
206:296–305

 5. Strober W, Fuss J, Mannon P (2007) The fundamental basis of inflammatory bowel disease. J Clin 
Invest 117:514–521

 6. Strober W, Fuss IJ, Blumberg RS (2002) The immunology of mucosal models of inflammation. Annu 
Rev Immunol 20:495–549

 7. Timmer A (2003) Environmental influences on inflammatory bowel disease manifestations. Lessons 
from epidemiology. Dig Dis 21:91–104

 8. Ehlin AGC, Montgomery SM, Ekbom A et al (2003) Prevalence of gastrointestinal diseases in two 
British national birth cohorts. Gut 52:1117–1121

 9. Molinie F, Gower-Rousseau C, Yzet T et al (2004) Opposite evolution in incidence of Crohn’s disease 
and ulcerative colitis in Northern France (1988–1999). Gut 53:843–848

 10. Loftus EV, Silverstein MD, Sandborn WJ et al (2000) Ulcerative colitis in Olmsted county, Minnesota, 
1940–1993: incidence, prevalence, and survival. Gut 46:336–343

 11. Ouyang O, Tandon R, Goh KL et al (2005) The emergence of inflammatory bowel disease in the Asian 
pacific region. Curr Opin Gastroeneterol 21:408–413

 12. Asakura H, Suzuki K, Kitahora T, Morizane T (2008) Is there a link between food and intestinal 
microbes and the occurrence of Crohn’s disease and ulcerative colitis? J Gastroenterol Hepatol 
23:1794–1780

 13. Yang SK, Hong WS, Min YI et al (2000) Incidence and prevalence of ulcerative colitis in the Songpa-
Kangdong district, Seoul, Korea, 1986–1997. J Gastroenterol Hepatol 15:1037–1042



670 Asakura and Suzuki

 14. Corrao G, Tragnone A, Caprilli R et al (1998) Risk of inflammatory bowel disease attributable to smok-
ing, oral contraception and breast feeding in Italy: a nationwide case-control study. Cooperative inves-
tigators of the Italian group for the study of the colon and the rectum (GISC). Int J Epidemiol 
27:397–404

 15. Duggan AE, Usmani I, Neal KR et al (1998) Appendicectomy, childhood hygiene, Helicobacter pylori 
status, and risk of inflammatory bowel disease: a case control study. Gut 43:494–498

 16. Russel MG, Engels LG, Muris JW et al (1998) Modern life in the epidemiology of inflammatory bowel 
disease: a case-control study with special emphasis on nutritional factors. Eur J Gastroenterol Hepatol 
10:243–249

 17. Andersson RE, Olaison G, Tysk C et al (2001) Appendectomy and protection against ulcerative colitis. 
N Engl J Med 344:808–814

 18. Bernstein CN, Rawsthorne P, Cheang M et al (2006) A population-based case control study of potential 
risk factors for IBD. Am J Gastroenterol 101:993–1002

 19. D’Argenio G, Mazzacca G (1999) Short-chain fatty acid in the human colon. Relation to inflammatory 
bowel diseases and colon cancer. Adv Exp Med Biol 472:149–158

 20. Sakamoto N, Kono S, Wakai K et al (2004) Dietary risk factors for inflammatory bowel disease.  
A multicenter case-control study in Japan. Inflamm Bowel Dis 11:154–163

 21. Jowett SL, Seal CJ, Pearce MS et al (2004) Influence of dietary factors on the clinical course of ulcera-
tive colitis: a prospective cohort study. Gut 53:1479–1484

 22. Tragnone A, Vaalpiani D, Miglio F et al (1995) Dietary habits as risk factors for inflammatory bowel 
disease. Eur J Gastroenterol Hepatol 7:47–51

 23. Persson PG, Ahlbom A, Hellers G (1992) Diet and inflammatory bowel disease: a case-control study. 
Epidemiology 3:47–52

 24. Roediger WE, Moore J, Babidge W (1997) Colonic sulfide in pathogenesis and treatment of ulcerative 
colitis. Dig Dis Sci 42:1571–1579

 25. Mavee EA, Richardson CJ, Hughes R et al (2000) Contribution of dietary protein to sulfide production 
in the large intestine: an in vitro and a controlled feeding study in humans. Am J Clin Nutr 
72:1488–1494

 26. Alzoghaibi MA, Walsh SW, Willey A et al (2003) Linoleic acid induces interleukin-8 production by 
Crohn’s human intestinal smooth muscle cells via arachidonic acid metabolites. Am J Physiol 
Gastrointest Liver Physiol 286:G528–G537

 27. Hart AR (2009) Linoleic acid, a dietary N-6 polyunsaturated fatty acid, and the aetiology of ulcerative 
colitis – a European prospective cohort study. Gut 58:1606–1611

 28. Darroch CJ, Barnes RMR, Dawson J (1999) Circulating antibodies to Saccharomyces cerevisiae 
(baker’/brewers’ yeast) in gastrointestinal disease. J Clin Pathol 52:47–53

 29. Dray X, Marteau P (2005) The use of enteral nutrition in the management of Crohn’s disease in adults. 
JPEN 29:S166–169

 30. Meister D, Bode J, Stand A et al (2002) Anti-inflammatory effects of enteral diet components on 
Crohn’s disease-effected tissues in vitro. Dig Liver Dis 34:430–438

 31. Pimentel M, Constantino T, Kong Y et al (2004) A 14-day elemental diet is highly effective in normal-
izing the lactulose breath test. Dig Dis Sci 49:73–77

 32. Andou A, Hisamatsu T, Okamoto S et al (2009) Dietary Histidine ameliorates murine colitis by inhibi-
tion of proinflammatory cytokine production from macrophages. Gastroenterology 136:564–574

 33. Chung HL, Lee JJ, Kim SG (2003) Cow’s milk protein induced changes in the expression of HLA-DR 
antigens on colonic epithelial cells. Ann Allergy Asthma Immunol 90:348–350

 34. Desreumaux P, Ernast O, Geboes K et al (1999) Inflammatory alterations in mesenteric adipose tissue 
in Crohn’s disease. Gastroenterology 117:73–81

 35. Schaffler A, Furst A, Buchler C et al (2006) Vascular endothelial growth factor secretion from 
mesenteric adipose tissue and from creeping fat in Crohn’s disease. J Gastroenterol Hepatol 
21:1419–1423

 36. Paul G, Schaffler A, Neumeier M et al (2006) Profiling adipocytokine secretion from creeping fat in 
Crohn’s disease. Inflamm Bowel Dis 12:471–477

 37. Backhed F, Ding H, Wang T et al (2004) The gut microbiota as an environmental factor that regulates 
fat storage. Proc Natl Acad Sci USA 101:15718–15723



671Chapter 35 / Immunomodulation by Foods and Microbes

 38. Ley RE, Backhed F, Turnbaugh P et al (2005) Obesity alters gut microbial ecology. Proc Natl Acad Sci 
USA 102:11070–11075

 39. Hrncir T, Stepankova R, Kozakova H, Hudcovic T, Tlaskalova-Hogenova H (2008) Gut microbiota and 
lipopolysaccharide content of the diet influence development of regulatory T cells: studies in germ-free 
mice. BMC Immunol 9:65

 40. Schultz M, Tonkonogy SL, Sellon RK, Veltkamp C, Godfrey VL, Kwon J, Grenther WB, Balish E, 
Horak I, Sartor RB (1999) IL-2-deficient mice raised under germfree conditions develop delayed mild 
focal intestinal inflammation. Am J Physiol Gastrointest Liver Physiol 276:G1461–G1472

 41. Naser SA, Ghobrial G, Romero C, Valentine JF (2004) Culture of Mycobacterium avium subspecies 
paratuberculosis from the blood of patients with Crohn’s disease. Lancet 364:1039–1044

 42. Autschbach F, Eisold S, Hinz U et al (2005) High prevalence of Mycobacterium avium subspecies 
paratuberculosis IS900 DNA in gut tissues from individuals with Crohn’s disease. Gut 54:944–949

 43. Feller M, Huwiler K, Stephan R et al (2007) Mycobacterium avium subspecies paratuberculosis and 
Crohn’s disease: a systematic review and meta-analysis. Lancet Infect Dis 7:607–613

 44. Selby W, Pavli P, Crotty B et al (2007) Two-year combination antibiotic therapy with clarithromycin, 
rifabutin, and ciofazimine for Crohn’s disease. Gastroenterology 132:2313–2319

 45. Darfeuille-Michaud A, Boudeau J, Bulois P et al (2004) High prevalence of adherent-invasive 
Escherichia coli associated with ileal mucosa in Crohn’s disease. Gastroenterology 127:412–421

 46. Kamada N, Hisamatsu T, Okamoto S, Sato T, Matsuoka K, Arai K, Nakai T, Hasegawa A, Inoue N, 
Watanabe N, Akagawa KS, Hibi T (2005) Abnormally differentiated subsets of intestinal macrophage 
play a key role in the Th1-dominant chronic colitis through excess production of IL-12 and IL-23 in 
response to bacteria. J Immunol 175:6900–6908

 47. Andoh A, Tsujikawa T, Sasaki M, Mitsuyama K, Suzuki Y, Matsui T, Matsumoto T, Benno Y, Fujiyama 
Y (2008) Faecal microbiota profile of Crohn’s disease determined by terminal restriction fragment 
length polymorphism analysis. Aliment Pharmacol Ther 29:75–82

 48. Andoh A, Sakata S, Koizumi Y, Mitusyama K, Fujiyama Y, Benno Y (2007) Terminal restriction frag-
ment length polumorpfism analysis of the diversity of fecal microbiota in patients with ulcerative coli-
tis. Inflamm Bowel Dis 13:955–962

 49. Frank DN, St Amand AL, Feldman RA, Bodeker EC, Harpaz N, Pace NR (2007) Molecular-
phylogenetic characterization of microbial community imbalances in human inflammatory bowel dis-
eases. PNAS 104:13780–13785

 50. Sokol H, Pigneur B, Watterlot L et al (2008) Faecalibacterium prausnitzii is an anti-inflammatory com-
mensal bacterium identified by gut microbiota analysis of Crohn disease patients. Proc Natl Acad Sci 
USA 105:6731–16736

 51. Takaishi H, Matsuki T, Nakazawa A et al (2008) Imbalance in intestinal microflora constitution could 
be involved in the pathogenesis of inflammatory bowel disease. Int J Med Microbiol 298:463–472

 52. Benno Y, Suzuki K, Suzuki K, Narisawa K, Bruce WR, Mitsuoka T (1986) Comparison of the fecal 
microflora in rural Japanese and urban Canadians. Microbiol Immunol 30:521–532

 53. Benno Y, Endo K, Mizutani T, Namba Y, Komori T, Mitsuoka T (1989) Comparison of fecal microflora 
of elderly persons in rural and urban areas of Japan. Appl Environ Microbiol 55:1100–1105

 54. Benno Y, Endo K, Miyoshi H, Okuda T, Koishi H, Mitsuoka T (1989) Effect of rice fiber on human 
fecal microflora. Microbiol Immunol 33:435–440

 55. Cummings JH, Wiggins HS, Jenkins DJ et al (1978) Influence of diets high and low in animal fat on bowel 
habit, gastrointestinal transit time, fecal microflora, bile acid, and fat excretion. J Clin Invest 61:953–963

 56. Ogura Y, Bonen DK, Inohara N et al (2001) A frameshift mutation in NOD2 associated with suscepti-
bility to Crohn’s disease. Nature 411:603–606

 57. Hisamatsu T, Suzuki M, Reinecker HC et al (2003) CARD15/NOD2 functions as an antibacterial factor 
in human intestinal epithelial cells. Gastroenterology 124:993–1000

 58. Wehkamp J, Fellermann K, Stange EF (2005) Human defensins in Crohn’s disease. Chem Immunol 
Allergy 86:41–54

 59. Voss E, Wehkamp J, Wehkamp K et al (2006) NOD2/CARD15 mediates induction of the antimicrobial 
peptide human beta-defensin-2. J Biol Chem 281:2005–2011

 60. Lodes MJ, Cong Y, Elson CO, Mohamath R, Landers CJ, Targan SR, Fort M, Hershberg RM (2004) 
Bacterial flagellin is a dominant antigen in Crohn disease. J Clin Invest 113:1296–1306



672 Asakura and Suzuki

 61. Vijay-Kumar M, Aitken JD, Gewirtz AT (2008) Toll like receptor-5: protecting the gut from enteric 
microbes. Semin Immunopathol 30:11–21

 62. Bibiloni R, Fedorak RN, Tannock GW, Madsen KL, Gionchetti P, Campieri M, De Simone C, Sartor 
RB (2005) VSL#3 probiotic-mixture induces remission in patients with active ulcerative colitis. Am  
J Gastroenterol 100:1539–1546

 63. Ewaschuk JB, Dieleman LA (2006) Probiotics and prebiotics in chronic inflammatory bowel diseases. 
World J Gastroenterol 12:5941–5950

 64. Caballero-Franco C, Keller K, DE Simone C et al (2007) The VSL#3 probiotic formula induces mucin 
gene expression and secretion in colonic epithelial cells. Am J Physiol Gastrointest Liver Physiol 
292:G315–G322

 65. Yan F, Cao H, Cover TL et al (2007) Soluble proteins produced by probiotic bacteria regulate intestinal 
epithelial cell survival and growth. Gastroenterology 132:62–75

 66. Vanderpool C, Yan F, Polk DB (2008) Mechanisms of probiotic action: implication for therapeutic 
applications in inflammatory bowel diseases. Inflamm Bowel Dis 14:1585–1596

 67. O’Keefe SJD, Chung D, Mahmoud N et al (2007) Why do African Americans get more colon cancer 
than Native Africans? J Nutr 137:175S–182S

 68. Sumers RW, Elliott DE, Qadir K et al (2003) Trichuris suis seems to be safe and possibly effective in 
the treatment of inflammatory bowel disease. Am J Gastroenterol 98:2034–2040

 69. Sumers RW, Elliott DE, Urban JF et al (2005) Trichuris suis therapy in Crohn’s disease. Gut 
54:87–90

 70. Mombaerts P, Mizoguchi E, Grusby MJ et al (1993) Spontaneous development of inflammatory bowel 
disease in T cell receptor mutant mice. Cell 75:274–282

 71. Sadlack B, Merz H, Schorle H et al (1993) Ulcerative colitis-like disease in mice with disrupted 
 interleukin-2 gene. Cell 75:253–261

 72. Mizoguchi A, Mizoguchi E, Chiba C et al (1996) Role of appendix in the development of inflammatory 
bowel disease in TCR-alpha mutant mice. J Exp Med 184:707–715



673

About the Editors

Ronald R. Watson, Ph.D., attended the University of Idaho but 
graduated from Brigham Young University in Provo, Utah, 
with a degree in chemistry in 1966.  He earned his Ph.D. in 
biochemistry from Michigan State University in 1971.  His 
postdoctoral schooling in nutrition and microbiology was 
completed at the Harvard School of Public Health, where he 
gained 2 years of postdoctoral research experience in immu-
nology and nutrition.

From 1973 to 1974 Dr. Watson was assistant professor of 
immunology and performed research at the University of 
Mississippi Medical Center in Jackson.  He was assistant pro-

fessor of microbiology and immunology at the Indiana University Medical School from 
1974 to 1978 and associate professor at Purdue University in the Department of Food 
and Nutrition from 1978 to 1982.  In 1982 Dr. Watson joined the faculty at the University 
of Arizona Health Sciences Center in the Department of Family and Community 
Medicine of the School of Medicine.  He is currently professor of health promotion sci-
ences in the Mel and Enid Zuckerman Arizona College of Public Health.

Dr. Watson is a member of several national and international nutrition, immunology, 
cancer, and alcoholism research societies.  He is presently funded by the National Heart 
Blood and Lung Institute to study heart disease. In addition he has an NIH grant from 
NCCAM to study dietary supplements in modulating immune function and thus heart 
structure and function. For 30 years he was funded by Wallace Research Foundation to 
study dietary supplements in health promotion. Dr. Watson has edited more than 35 
books on nutrition and  other 53 scientific books. He has published more than 500 
research and review articles.



674 About the Editors

Dr. Sherma Zibadi received her M.D. degree from the 
Mashad University of Medical School in 2001. Dr. Zibadi 
has recently completed her doctorate degree from the 
Department of Nutritional Sciences at the University of 
Arizona. Her main scholarly interest and experience 
involve the study of heart failure and its major risk factors 
such as hypertension, obesity and metabolic syndrome, 
finding ways to prevent the undesirable cardiac alternations 
and extent the healthy heart lifespan. Her current research 
focus lies in developing animal models of various forms of 
heart failure to study the potential mediators of cardiac 

remodeling process, which helps to identify new targets for treatment of heart failure. 
Dr. Zibadi’s research also extends into alternative medicine, exploring the preventive 
and therapeutic effects of natural dietary supplements on heart failure and its major risk 
factors in both basic animal and clinical studies, translating lab research finding into 
clinical practice. Dr. Zibadi is the author of several full-length publications in prestig-
ious journals and books, and manuscripts submitted for publication or in preparation 
dealing with the underlying mechanisms of heart failure and complementary medicine 
as novel therapeutics against heart disease.



675About the Editors

Professor Victor R. Preedy is currently Professor of Nutritional Biochemistry in the 
Department of Nutrition and Dietetics, King’s College London and Professor of Clinical 
Biochemistry in the Department of Clinical Biochemistry, King’s College London. He is 
also Director of the Genomics Centre, Kings College London.  Professor Preedy gradu-
ated in 1974 with a Degree in Biology and Physiology with Pharmacology.  He gained 
his Ph.D. in 1981 in the field of Nutrition and Metabolism, specializing in protein turno-
ver.  In 1992 he received his Membership of the Royal College of Pathologists, based on 
his published works and in 1993 he gained a D.Sc. degree for his outstanding contribu-
tion to protein metabolism.  At the time, he was one of the university’s youngest recipi-
ents of this distinguished award.  Professor Preedy was elected as a Fellow to the Royal 
College of Pathologists in 2000.  Since then he has been elected as a Fellow to the Royal 
Society for the Promotion of Health (2004) and The Royal Institute of Public Health 
(2004). In 2009 he was elected as a Fellow of the Royal Society for Public Health.  
Professor Preedy has written or edited over 550 articles, which includes over 160 peer-
reviewed manuscripts based on original research and 85 reviews and 30 books.  He has 
a wide interested in health related matters, particularly nutrition and diet.



677

About the Series Editor

Dr. Adrianne Bendich is Director of Medical Affairs at 
GlaxoSmithKline (GSK) Consumer Healthcare where 
she is responsible for leading the innovation and medi-
cal programs in support of many well-known brands 
including TUMS and Os-Cal.  Dr. Bendich had primary 
responsibility for GSK’s support for the Women’s 
Health Initiative (WHI) intervention study. Prior to 
joining GSK, Dr. Bendich was at Roche Vitamins Inc. 
and was involved with the groundbreaking clinical stud-
ies showing that folic acid-containing multivitamins 
significantly reduced major classes of birth defects. Dr. 
Bendich has co-authored over 100 major clinical 
research studies in the area of preventive nutrition. Dr 

Bendich is recognized as a leading authority on antioxidants, nutrition and immunity 
and pregnancy outcomes, vitamin safety and the cost-effectiveness of vitamin/mineral 
supplementation.

Dr. Bendich is the editor of ten books including “Preventive Nutrition: The 
Comprehensive Guide For Health Professionals, Fourth Edition” co-edited with 
Dr. Richard Deckelbaum, and  is Series Editor of “Nutrition and Health” for Springer/
Humana Press which contains  38 published volumes including Vitamin D, Second 
Edition edited by Dr. Michael Holick; “Iron Deficiency and Overload” edited by 
Dr. Shlomo Yehuda and Dr. David Mostofsky; “Nutrition Guide for Physicians” edited 
by Dr. Edward Wilson, Dr. George A. Bray, Dr. Norman Temple and Dr. Mary Struble; 
“Nutrition and Metabolism”  edited by Dr. Christos Mantzoros; “Fluid and Electrolytes 
in Pediatrics” edited by Leonard Feld and Dr. Frederick Kaskel;  “Handbook of Drug-
Nutrient Interactions” edited by Dr. Joseph Boullata and Dr. Vincent Armenti; 
“Probiotics in Pediatric Medicine” edited by Dr. Sonia Michail and Dr. Philip Sherman; 
“ Handbook of Nutrition and Pregnancy” edited by Dr. Carol Lammi-Keefe, Dr. Sarah 
Couch and Dr. Elliot Philipson; “Nutrition and Rheumatic Disease” edited by Dr. Laura 
Coleman; “Nutrition and Kidney Disease” edited by Dr. Laura Byham-Grey, Dr. Jerrilynn 
Burrowes and Dr. Glenn Chertow;  “Nutrition and Health in Developing Countries” 
edited by Dr. Richard Semba and Dr. Martin Bloem; “Calcium in Human Health” edited 
by Dr. Robert Heaney and Dr. Connie Weaver and “Nutrition and Bone Health” edited 
by Dr. Michael Holick and Dr. Bess Dawson-Hughes.

Dr. Bendich served as Associate Editor for “Nutrition” the International Journal; 
served on the Editorial Board of the Journal of Women’s Health and Gender-based 



678 About the Series Editor

Medicine, and was a member of the Board of Directors of the American College of 
Nutrition.

Dr. Bendich was the recipient of the Roche Research Award, is a Tribute to Women 
and Industry Awardee and was a recipient of the Burroughs Wellcome Visiting 
Professorship in Basic Medical Sciences, 2000–2001. In 2008, Dr. Bendich was given 
the Council for Responsible Nutrition (CRN) Apple Award in recognition of her many 
contributions to the scientific understanding of dietary supplements.  Dr. Bendich holds 
academic appointments as Adjunct Professor in the Department of Preventive Medicine 
and Community Health at UMDNJ and has an adjunct appointment at the Institute of 
Nutrition, Columbia University P&S, and is an Adjunct Research Professor, Rutgers 
University, Newark Campus. She is listed in Who’s Who in American Women.



Index

A
ABM. See Agaricus blazei Murrill (ABM)
Abraxane®, 321
Abyssinone II, 425, 426
Acanthopanax senticosus, 328
Acquired immunity. See Adaptive immune system
Acute myeloid leukemia (AML), 323
Acute pancreatitis

luminal intestinal bacteria modulation
jejunal feeding supplementation, 617
prophylaxis, 619
synbiotics effects, 619–620
therapeutic intervention, 617, 618

pathogenesis and diagnosis, 612–613
prebiotics

clinical effects, 620–621
distinct effects, 622–623
side effects, 621–622

probiotics, 617, 619
role of gut

bacterial translocation, 613
enteral nutrients, 614–616
intestinal bacterial flora, 616
intestinal barrier and tract, 613
intestinal mucosal barrier changes, 614
tight junction, 613

Acute stress, 76
Adaptive immune system

adipokines, 93, 95, 98
breast milk, 26
cocoa

in vitro effects, 476–478
in vivo effects, 478–480

delayed-type hypersensitivity (DTH), 630
dietary lipids, 132
flavanols, 410
fruits and vegetables, 286
immunotoxicology, 572, 577, 579
infant immune system, 4
lactoferrin, 301
malnutrition, 50
micronutrient, 232
probiotics, 595, 627–628

CD4+ T cell differentiation, 630–632
cytotoxic T lymphocytes (CTL), 629
dendritic cell function and Treg responses, 

638–640

major histocompatibility complex (MHC), 629
purpose, 629–630
vaccines, 638

Spirulina, 517
trace element, 254–255, 257, 259

Adenovirus type 3 (AD3), 448
Adipokines

adiponectin, 113
cancer, 99–100
energy balance, 90
immune-mediated disease, 100–101
immunity and neuroendocrinology

adiponectin, 93, 95
apelin, 96
hepcidin, 96
leptin, 92–93
omentin, 96–97
resistin, 95
vaspin, 96
visfatin, 95–96

kidney diseases, 101–102
leptin, 112–113
obesity, 97
resistin, 113
transplant tolerance and rejection

heart transplant, 104
kidney transplant, 103
rapamycin, 105
renal transplant, 104
stem-cell transplant, 103
Th cells, 102–103

visfatin, 113–114
Adiponectin, 93, 95, 113
Adipose tissue

adipokines-mediated interactions  
(see Adipokines)

cell-cell interactions
adipose resident immune cell, 114–115
bone marrow adipocytes, 115–116
lymph node adipocytes, 117
thymic adipocytes, 116–117

multiple functions, 91
Agaricus bisporus, 537
Agaricus blazei Murrill (ABM), 388

antiallergic activity, 388–389
anti-tumor polysaccharides, 387–388
b glucan, 387, 390

679
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Agaricus blazei Murrill (ABM) (continued)
compound 48/80-induced systemic anaphylactic 

reaction, 390
immunomodulating effect, 388–389
lymphocyte T-cell subset, C3H/He, 389–390, 392
picryl chloride-induced atopic dermatitis

AD scores, 391, 392
serum IgE level regulation, 391, 392

Th1/Th2 balance, 388
AiDi injection, 343
Alflatoxin B1, 577
Alkaloids, 427
Allergic immune response, 596–597
Allergy. See also Atopic disease

definition, 371
dietary factors

antioxidants and vitamins, 360–361
breast milk, immunomodulatory factors, 357
dietary allergens, 357–358
dietary folate, 361–362
polyunsaturated fatty acids (PUFA), 358–360
probotics and prebiotics, 362–363

genetic and environmental interactions, 364
genetics, 372
immune tolerance

antenatal events, 355
postnatal period, gut role, 355–356

infant immune system, 5–6
soy sauce

PAR, 546–547
SAR, 547

Spirulina, 520–521
Alzheimer’s disease, 230
Amomi Semen (Sha Ren), 498–499
Angiogenesis

cocoa, 486
lactoferrin, 307
omega-3 FA, 180

Antenatal diet, 355
Anthocyanidin, 425, 426
Anti-allergic activity, 543–544
Antibody-mediated mucosal defense, 634
Antigen presenting cells (APC), 345
Anti-inflammatory protein, 554
Anti-microbial activity, 301
Antioxidant

allergy, 360–361
atopic disease, 379
breast milk, 36–37
chronic diseases, 229
cocoa, 481–482
flavonoids, 470
immune system, 242–244

aging, 242–243

oxidant-antioxidant balance, 233
oxidative stress, 243
redox, 243

Antiproliferative effects, cocoa
antioxidant, 481–482
apoptosis regulation, 485–486
growth-factor activities, 483
human intake evidence and cancer, 486–487
MAPK pathways modulation, 483–484
metabolizing enzymes, 482–483
transcription factors, 484
transformation, migration, and angiogenesis, 486
tumor cell lines, 484–485

Antiviral phytochemicals
antiviral assays, 423, 424
classification

AIDS, 434, 441
alkaloids, 427
antiviral mechanistic aspects, 434–440
carotenoids, 428–429
common cold, 446–447
curcumin, 429, 431, 448–452
emodin, 432, 433
extracts/mixtures preparation, 432–434
flavanoids, 424–428
gingerols, 432, 433
hepatitis, 445–446
herpes, 443–444
influenza, 446
major clinical trials, 452–456
multiple targets, 447–451
NDGA, 432, 433
organosulfur compounds, 429, 430
poliomyelitis, 434, 442
polyacetylenes, 430–431, 433
salicylic acid, 432, 433
selenium compounds, 429, 431
sulfated red algal polysaccharides, 431–433
terpenoids, 427
vitamins, 429
in vitro studies, 434

divergent invasion strategy, 423
plants-based active ingredients, 422
synergistic combination therapy, 422

Apelin, 96
Apoptosis. See also Omega 3 fatty acids

cocoa, 485–486
dietary lipids and host defense, 137–138
lactoferrin, 306–307

Arachidonic acid (ARA), 32, 133, 199, 206–208
Arsenic exposure, 574
Artimisinin, 328
Astragalus membranaceus (Huang Qi), 499
Atherosclerosis, 227
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Atopic disease
complementary food, 380
food allergy, 357, 376
genetics, 372
human milk

allergenic food avoidance, lactation, 376–377
breastfeeding, 374–375
protective factors, 374

hydrolyzed formula
cow milk formula (CMF), 378
hypoallergenic formula, 377
soy formula, 378

immune-modulating micronutrients
antioxidants, 379
omega 3 LCPUFA, 379
vitamin D, 379

intestinal microflora, 380–381
maternal diet, pregnancy, 373
picryl chloride, 391, 392
probiotics, 381

Aujeszky’s disease virus (ADV), 448
Autoimmune diseases, 234

B
Bacillus Calmette-Guerin (BCG), 205
Basidiomycetes mushrooms, 530
BCG. See Bacillus Calmette-Guerin
b glucan, 387, 390
Bifidobacteria, 363, 381
Bifidobacterium sp., 8
Biological response modifiers (BRM), 530–531. 

See also Mushrooms
Bis-indole alkaloids, 320
Blood brain barrier (BBB), 200–201
Body mass index (BMI), 111
Bovine aortic endothelial cells (BAECs), 411
Bovine lactoferrin (bLf)

bLfcin, 304
hydrolysate, 304
iron-saturation, 305
Langerhans cell migration, 303
nutrifemme, 303
supplement production, 299

Bovine viral diarrhea virus (BVDV), 448
BpA plastics, 575–576
Brain activity, suicide victims, 557
Brain innate immune system

ageing
Alzheimer’s disease, 195, 205–206
CNS inflammatory diseases, 205
microglial cell activation, 205

arachidonic acid (ARA), 199, 206–208
blood brain barrier (BBB), 200

circumventricular organs (CVOs), 200
inflammatory mediators, 197–199
lipopolysaccharide (LPS), 199–208
long-term potentiation (LTP), 206, 208
MAPK signalling, 200–201
microglial cells, 199–201, 203, 205–207
neuroinflammation

anti-inflammatory effects, 206
cognition, affect, and behavior, 198
ischemic damage, retina, 204
neuronal and glial populations, 205
neuronal viability, 208
PUFA, 199, 207

pathogen associated molecular patterns, 199–200
polyunsaturated fatty acid

DHA and ARA, 206
fever, lethargia and anorexia, 207
hippocampus, 202, 206–208
linolenic acid derivatives, 206

sickness behavior
Bacillus Calmette-Guerin (BCG), 205
hyporesponsiveness, 204
IL-1 receptors, 200–203, 205
invivo curves, 203
neurovegetative and psychiatric  

symptoms, 204
Toll/IL-1 receptor (TIR), 200

Breastfeeding. See also Breast milk
asthma, 375–376
atopic dermatitis, 375
duration, 30
effectiveness, 374–375
food allergy, 376
maternal-fetal immunological link, 26
role, 27

Breast milk, 357. See also Infant immune system
adaptive immunity, 26
allergenic food avoidance, lactation, 376–377
vs. allergy, 29–30
anti-infective properties, 29
anti-inflammatory properties, 29
immune modulation

antioxidant, 36–37
bacteria, 35
carbohydrates, 34
lipids, 32–33
malnutrition, 31
nucleotides, 37–38
properties, 27, 29
proteins, 32

innate immunity, 25–26
natural defense, 26–28
protective factors, 374
T-cell generation and function, 26



682 Index

Bu Zhong Yi Qi Tang (BZYQT)
anti-tumor immunity, 499–500
Ganoderma Lucidum (see Ganoderma Lucidum)
Lycium Barbarum (see Lycium Barbarum  

(Guo Ji Zi))
Panax Ginseng (see Panax Ginseng (Ren Shen))
Plantago Asiatica L. (see Plantago Asiatica L. 

(Che Qian Zi))
preparation, 499

C
Cadmium contamination, 574–575
Camptothecin, 320–321
Cancer. See also Fruits and vegetables; Fuzheng 

herb; Plant-derived anticancer agents
adipokines, 99–100
cocoa, 486–487
eicosapentaenoic acid, 187
LCPUFA, 160
omega 3 fatty acids, 186–187
tristetraprolin, 555

Candida albicans, 148
Carotenoids, 428–429
Cation-exchange chromatography system, 299
CD4+ T-cells

differentiation, 630–632
lactoferrin, 302

Cell-mediated hypersensitivity, 630
Cell mediated immunity, 518–519
Chalcones, 425, 426
Chemoprevention

angiogenesis inhibition, 307
anti-inflammatory activity, 306
antimicrobial activity, 307–308
antioxidant activity, 305–306
apoptosis promotion, 306–307
cell differentiation regulation, 306
immune enhancement, 306
phase-1 drug-metabolizing enzymes, 306

Chinese medicine. See Traditional Chinese 
medicine (TCM)

Chlamydomonas reinhardtii, 523–524
Chlorella, 522
Chrysin, 408
Cinnamon

adipocyte, 558–559
health benefits, 561–562
inflammatory activities, 553–554
macrophages, 559–560
tristetraprolin (see Tristetraprolin)

Cocoa
acquired immune response

in vitro effects, 476–478
in vivo effects, 478–480

antiproliferative effects
angiogenesis, 486
antioxidants, 481–482
apoptosis regulation, 485–486
cancer, 486–487
free radical scavenging, 481–482
growth-factor activities, 483
MAPK pathways modulation, 483–484
metabolizing enzymes, 482–483
metal ion chelation, 481–482
migration, 486
transcription factors, 484
transformation, 486
tumor cell lines, 484–485

description, 470
flavonoid, 470–471
innate immunity and inflammatory response

in vitro effects, 472–474
in vivo effects, 474–476

Commensal floral clusters, 665
Common cold, 446–447
Complementary feeding, infant, 357–358
Complementary food, atopic disease, 380
Concanavalin A (Con A), 390, 445
Conjugated linoleic acid (CLA)

biosynthesis, 219–220
chemical structure, 219
cis-9/trans-11 isomer, 218
content, of various foods, 218
diet, 217–218
immunomodulatory potentials

eicosanoid regulation, 222
endotoxins, 220
immune response, 223
inflammatory bowel disease (IBD), 222–223
mice and rats, immunomodulatory role, 222
peroxisome proliferators activated receptors 

(PPARs), 223
prostaglandin E

2
, 220, 222

Copper deficiency, 254–255
Cordyceps, 339–340
Cow’s milk allergy (CMA), 372, 375, 376
COX/PGE

2
-pathway modulation, 180–181

Coxsackie virus-induced myocarditis, 234
Crohn disease (CD), 633–634

environmental factor
foods and IBD, 661–663
microbes and IBD, 664–667
parasites, Th2 response, 667–668

foods and IBD
animal-derived foods, 661–662
elemental diet and histidine, 662–663
metabolic syndrome, 663

gut-associated lymphoid tissue (GALT), 657
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microbes and IBD
commensal floral clusters, 665
defensins and Toll-like receptors, 666
intestinal macrophages and microbes, 

664–665
probiotics, 666–667
specific pathogens, 664
westernized foods, 665–666

parasites, Th2 response, 667–668
westernization, 658–659

Cruciferous vegetables, 285
Cullen’s sign, 612
Curcumin, 429, 431, 448–452
Cyclic adenosine monophosphate (cAMP), 407
Cyclic guanosine monophosphate (cGMP), 407
Cyclooxygenase (COX)

independent pathways
Akt and NF-kB, 182
DNA polymerases and topoisomerases, 182
lipid peroxidation and p53 activation, 181

n-3 fatty acids, 133–134
Cytochrome c oxidase, 254
Cytoprotective protein, 616
Cytotoxic CD8+ T-cells, 302
Cytotoxic T lymphocytes (CTL), 629

D
Danggui Longhui Wan, 323
Delayed-type hypersensitivity (DTH), 630
Deoxynojirimycins (DNJs), 448
Detergent-resistant membrane (DRM), 178
Developmental immunotoxicity (DIT), 578
Developmental origin hypothesis

fetal malnutrition, 46–47
genetic and epigenetic links, 48–49
glucocorticoids, 47

DHA. See Docosahexaenoic acid
Diarrheal infections, infants, 273
Dietary allergens

infant complementary feeding, 357–358
oral tolerance, 358

Dietary lipids
host susceptibility

bacteria, 139, 145–157
Escherichia coli LPS, 147–148
fungi, 148
parasites, 148
viruses, 147

mediators, 133–134
polyunsaturated fatty acids

antigen presentation, 138
apoptosis, 137–138
characteristics, 133
cytokine production, 132

eicosanoid synthesis, 136
gastrointestinal microbiota, 138–139
gene expression, 137
mechanisms, 134, 135
membrane fluidity alteration and lipid rafts, 

134, 136
modification, 133–134
oxidative stress, 137
types, 133

Diet induced obesity (DIO), 112
Diterpenoid quinone, 324
Docosahexaenoic acid (DHA), 32

Akt-phosphorylation and NF-kB-DNA  
binding, 182

conjugation, 181
detergent-resistant membrane (DRM), 178
lipids movement, 176
modulators, 187
NF-kB activation, 177
primed colonocytes, 181
synergistic effects, 186
in vitro and in vivo, 180, 185

Dysbiosis, 592, 596, 597, 603

E
Echinacea purpurea, 505
Eczema

allergy, 358–359
antioxidant, 360–361
prebiotics, 363
probiotics, 362–363
PUFA, 358–360

Edible mushrooms, 530–531, 534–537
Eicosanoid synthesis, 136
Eicosapentaenoic acid (EPA), 32, 79

Akt-1 activity, 182
apoptosis, 182
cancer cachexia, 187
concentration, 175
inflammatory reactions, 176
lipid peroxidation, 181
lymphocyte proliferation, 179
synthesis pathways, 176–177
tumor cell growth, 180

Emodin, 432, 433
EPA. See Eicosapentaenoic acid
Epigallocatechin gallate (EGCG), 409–411
Epstein-Barr virus DNA polymerase (EBV-DP), 430
Estrogen, 412
Exciting molecules, 423

F
Fish oil, 359–360
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Flavan-3-ol absorption, 285
Flavonoids

abyssinone II, 425, 426
amentoflavone, 412
anthocyanidin, 425, 426
anthocyanins, 411–412
aurone, 424, 426
biochemical effects, 424
calanolide A, 427, 428
chalcones, 425, 426
cocoa

antioxidants, 470
carcinogenesis and dissemination, 481
subclasses and structure, 471
in vitro acquired immune response, 477
in vitro innate immune response, 473
in vivo acquired immune response, 479
in vivo innate immune response, 475

flavanols
EGCG, 409, 410
homeostatis of monocytes, 409
melanin, 410
oligomers, 410–411
ZAP-70 activity, 411

flavanones, 407–408
flavones, 408–409
flavonols, 406–407
inophyllums, 427, 428
isoflavones, 412
myricetin, 425, 426
quercetin, 425, 426
RSV, 425

Folate, allergic disease, 361–362
Follicular-associated epithelium (FAE), 12
Food allergy (FA), 357–358. See also Allergy; 

Atopic disease
allergens, 357–358
breast milk, 357
dietary probotics and prebiotics, 362–363
fish oil, 359–360
prevalence, 371–372

Forced swim test (FST), 205
Fructo-oligosaccharides (FOS), 620
Fruits and vegetables

cancer epidemiology, 285
carcinogenesis, 291
experimental models, 284–285
gd T cells

differentiation, 287
inflammation, 291
nitrogen-containing bisphosphonates, 

286–287
priming, 287–290

immunity, 285–286

immunological mechanisms, 283, 284
Fuzheng herb

immune regulation
AiDi injection, 343
Cordyceps, 339–340
effects, immune escape, 346–347
Ganoderma lucidum, 340
Kanglaite (KLT) injection, 344
lentinan, 340
Liuwei Dihuang Boluses, 343–344
macrophage cells, 345
multi-immunocytes and cytokines, 346
NK cells and immune cytokine, 345
Poria, 341–342
Radix Astragali, 339
Radix Ginseng, 338–339
red cell immune system, 346
ShenQiFuZheng injection, 342–343
TIL, LAK cells, 346
T lymphocyte, 344–345
Tremella fuciformis Berk, 341
ZhenQiFuZheng capsule, 342

therapy
Qi replenishment and blood nourishingment, 

337–338
spleen invigorate and Qi replenishment, 336
tonification and yang warming, 337
yin nourishment and fluid production, 337

G
Galacto-oligosaccharides (GOS), 13
GALT. See Gut-associated lymphoid tissue
Gamma delta (gd) T cells

differentiation, 287
inflammation, 291
nitrogen-containing bisphosphonates (N-BP), 

286–287
priming

apple polyphenols, 287
bioactive compound effects, 287, 288
catechins, 288, 289
cell population, 289, 290
colonic microbiota, 289
dietary lipids, 287
L-theanine metabolism, 289, 290
valerolactones, 289

Gamma-linoleic acid (GLA), 32
Ganoderma lucidum, 340

polysaccharides, 500–501
Zhi-8, 501–502

Gastrointestinal associated lymphoid tissue 
(GALT), 356

Gingerols, 432, 433
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Glucagon-like peptide1 (GLP-1), 620
G protein-coupled receptor (GPCR), 159
Granulocyte-macrophage colony-stimulating factor 

(GM-CSF), 406
Grape seed proanthocyanidin extract (GSPE), 411
Grifola frondosa, 534–535
Gut-associated lymphoid tissue (GALT),  

580, 638, 657
Gut immune function, 594–595

H
Haematococcus, 522–523
Haemonchus contortus, 68
Haemophilus influenzae type b, 5
Heligmosomoides bakeri, 66
Hepatitis, 445–446

hepatitis B virus, 306
hepatitis C virus, 120, 301, 306, 307

Hepcidin, 96
Herpes, 443–444
Herpes simplex virus (HSV), 424, 425, 445
Hesperidin, 408
Highly active antiretroviral therapy (HAART),  

273, 276
HIV

antiretroviral treatment, 273, 276
children and health outcomes, 273–275
HIV-infected women

intervention studies, 264–268
multivitamin supplementation, 268
observational studies, 264
potential mechanisms, 268–269

maternal supplementation
child health, 272
HIV transmission to children, 269, 272
pregnancy outcomes, 269

vitamin supplementation trials, 269–271
Hochu-ekki-to. See Bu Zhong Yi Qi Tang (BZYQT)
Host resistance, 498, 499
Human peripheral blood T lymphocytes  

(hPBTCs), 401
Human umbilical cord blood-derived cultured mast 

cells (hCBMCs), 406
Human umbilical vein endothelial cell  

(HUVEC), 407
Humoral immunity, 254
Hyperinflammation, 165–166
Hypoallergenicity, 377
Hypothalamic-pituitary-adrenal (HPA), 77

I
Iatrogenic bacterial overgrowth, 619

IBD. See inflammatory bowel diseases
IL-12, 18, 390
Immune escape, 346–347
Immune function

amentoflavone, 412
flavanoids

anthocyanins, 411–412
flavanols, 398, 409–411
flavanones, 407–408
flavones, 408–409
flavonols, 406–407
isoflavones, 412
non-flavonoids, 398–405

polyphenols, 397–398
resveratrol immunomodulating functions, 401

Immune system
adaptive immunity, 232 (see also Adaptive 

immune system)
antioxidants

aging, 242–243
oxidative stress, 243
redox, 243

CD4+ and CD8+ cells, 232
chronic diseases prevention, 244
epithelial barrier function, 234
fat-soluble vitamins, 234, 235
humoral immunity, 233
immunocompetence, 233
innate immunity, 232 (see also Innate  

immune system)
micronutrient deficiency and virulence, 234–241
minerals, 234, 239
oxidant-antioxidant balance, 233
RDA, 233
trace elements, 234
vitamin D

chronic diseases, 242
1,25(OH)2D3, 241–242
Mycobacterium tuberculosis, 242
ricket prevention and bone health, 241

water-soluble vitamins, 234, 237
Immunoglobulin A (IgA), 374, 520
Immunomodulation. See also Probiotics

breast milk components
antioxidant, 36–37
bacteria, 35
carbohydrates, 34
lipids, 32–33
malnutrition, 31
nucleotides, 37–38
properties, 27, 29
proteins, 32

fatty acids
antigen presentation, 138
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apoptosis, 137–138
Immunomodulation. See also Probiotics (continued)

characteristics, 133
eicosanoid synthesis, 136
gastrointestinal microbiota, 138–139
gene expression, 137
membrane fluidity alteration and lipid rafts, 

134, 136
modification, 133–134
oxidative stress, 137

soy sauce, 544–545
Spirulina, 517–518

Immunosenescence
causes, 243
characteristics, 242–243
oxidation-inflammation theory, 243

Immunotoxicology and foods
age-related and gender-specific  

considerations, 571
alcohol, 572
endogenous chemical category, 580
heavy metals contaminants, 574–575
immune-dysfunction-linked disease, 569–571
immune-mediated damage, 568–569
immune-related disease risk reduction, 579–580
immunotoxicity

vs. adverse outcomes, 578
immune-inflicted damage, 578–579

mycotoxins, 577–578
pesticides, insecticides and herbicides

atrazine and propanil, 572
organophosphate, 573
perfluorooctanoic acid (PFOA), 573–574
polychlorinated biphenyls (PCBs), 573

plastic products
BpA, 575–576
phthalates, 576
polyxcyclic aromatic hydrocarbons (PAHs), 

576–577
Inducible nitric oxide synthase (iNOS), 327
Infant complementary feeding, 357–358
Infant immune system

allergy, 5–6
breastmilk, host defense

IgA antibody, 6–7
immunological active ingredients, 7
irreplaceable immunological resource, 8
lactoferrin, 7–8
lysozyme, 8
oligosaccharides, 8
passive immunity, 6
serum immunoglobulins development, 6

development
B lymphocytes, 4

hematopoietic stem cells, 3
natural killer (NK) cells, 4
T lymphocytes, 3–4

early infection, 4–5
infant formula

assessment composition, 17–18
compositional requirements, 16–17

malnutrition and development, 9
nutritional ingredients

gangliosides, 16
long-chain poly-unsaturated fatty acids 

(LC-PUFA), 12–14
minerals, 10–11
nucleotides, 15
prebiotics, 13–14
probiotics, 14–16
vitamin B12, 17
vitamins, 11–12

Inflammatory bowel diseases (IBD)
characterization, 597
foods

animal-derived, 661–662
elemental diet and histidine, 662–663
metabolic syndrome, 663

metagenomic analysis, 597
microbes

commensal floral clusters, 665
defensins and Toll-like receptors, 666
intestinal macrophages and microbes, 

664–665
probiotics, 666–667
specific pathogens, 664
westernized foods, 665–666

probiotics
clinical trials, 599–600
commensal bacteria, 598, 601
dendritic cell activation, 601–602
immunomodulatory/immunoregulatory 

capacities, 602
PGN and NOD2 signaling, 602–603

Innate immune system. See also Brain innate 
immune system

adipokines, 93, 97, 101
breast milk, 26, 37, 374
cocoa

in vitro effects, 472–474
in vivo effects, 474–476

defense mechanism, 131–132
fruits and vegetables, 286
immune resistance, 132
immunotoxicology, 572, 577
macrophage cells, 345
micronutrients, 51–52, 232
nutrition, 64
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obesity, 112–113, 118–119, 121
oligomers, 410
pattern recognition receptors (PRR), 132
probiotics, 592, 594–596

immunomodulation, 627–628
natural killer cell activity, 637
phagocytic cell function, 637

Spirulina, 517
trace element, 254, 256, 259
Treg function, 355
w-3 fatty acids, 177–178

Insulin, 558
Interferon-g (IFN-g), 388
Intestinal epithelial cells (IECs), 615
Intestinal immune system, 545–546
Intestinal ischemia, 621–622
Intrauterine malnutrition

immunoglobulin gene superfamily, 53–56
kwashiorkor, 53
mice and guinea pigs, 53–55
rats, 53, 55

In vitro efficacy assay, 423, 424
In vitro virucidal effects, 447
Irinotecan, 320, 321
Iron-binding glycoprotein, 298
Iron sequestration, 256
Isoprenoids. See Terpenoids

J
Japan Soy Sauce Brewers Association, 541

K
Kanglaite (KLT) injection, 344
Keshan disease, 257
Klebsiella pneumoniae, 146

L
Lactic acid bacteria (LAB), 596, 602
Lactobacilli, 8
Lactobacillus rhamnosus, 363

atopic dermatitis, 646
phagocytes, 637
phagocytic and NK cell cytolytic capacity, 646
RNA and protein production, 645
Th2 response, 642
TNF-a stimulation, 636

Lactoferrampin (Lfcin), 300
Lactoferricin (Lfampin), 300
Lactoferrin (Lf)

biological properties
anticancer activity, 304–305

chemopreventive potential, 305–308
immunomodulatory activity, 301–304

endogenous lactoferrin
definition, 297
distribution, 298
structure, 298

supplements
adsorption and bioavailability, 299–300
bioactive fragments, 300
bLf supplement production, 299
safety, 300–301

Lactotransferrin, 298
LCPUFAs. See Long chain polyunsaturated fatty acids
Lead toxicity, 575
Lentinan, 340
Lentinula edodes, 533–534
Leptin, 112–113

innate and adaptive immune system, 93
metabolism regulation, 93
pleiotropic function, 93, 94
receptor, 92
steroid therapy, 104

Lipids, 32–33. See also Dietary lipids
Lipooxygenase (LOX), 134
Lipopolysaccharide (LPS), 300–302
Listeria monocytogenes, 139, 145–146
Liuwei Dihuang Boluses, 343–344
Long-chain fructo-oligosaccharides (FOS), 13
Long chain polyunsaturated fatty acids  

(LCPUFA), 373
allergy

observational studies, 164
prevention, 165
treatment, 164–165

anabolic pathway, 156
biological functions

anti-inflammatory properties, 160
cancer, 160
effect on adipose tissue, 161
effects on immune system, 161
nervous system growth and maturation, 160
T-cell function, 161–163
vascular function, 160

cell membrane properties, 158
eicosanoids and dosocanoids effect, 158–159
in fish, 157
immune disease (IBD, rheumatologic, skin), 

166–167
immune function, early life, 163
immunosuppressive effects, 163–164
infant immune system, 12–14
infection in high-risk patients, 165–166
nomenclature, 156
raft lipid composition, 158
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transcription factor activity modification, 159
Low birth weight infant, 269
Luteolin, 408
Lycium barbarum (Guo Ji Zi)

herbal medicine and tonic food dietary 
supplement, 503

polysaccharide
anti-cancer activity, 504
biological activity, 503
bone marrow-derived DC, 504
fractions, 503

Lycium barbarum polysaccharide (LBP), 347
Lymphokine-activted killer cells (LAK), 346

M
Maitake. See Grifola frondosa
Major histocompatibility complex (MHC), 134, 629
Mast cell degranulation, 390
Maternal and infant malnutrition

Calmette-Guerin vaccine, 53
developmental origin hypothesis

fetal malnutrition, 46–47
genetic and epigenetic links, 48–49
glucocorticoids, 47

immune system-mediated diseases, 52
intergenerational effects, 49
intrauterine malnutrition

immunoglobulin gene superfamily, 53–56
kwashiorkor, 53
mice and guinea pigs, 53–55
rats, 53, 55

leukotriene B4 (LTB4), 55
micronutrients

copper and selenium, 52
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