CHAPTER 7

Diet, Inmunity and Functional Foods

Lesley Hoyles and Jelena Vulevic*

Abstract

unctional foods (specific nutrient and/or food components) should beneficially affect one

or more target functions in the body. The use of functional foods as a form of preventive

medicine has been the subject of much research over the last two decades. It is well known
that nutrition plays a vital role in chronic diseases, but it is only recently that data relating to the
effects of specific nutrients or foods on the immune system have become available. This chapter
aims to summarize the effects of some functional foods (e.g., prebiotics and micronutrients) on
the immune system. It should be noted, however, that studies into the role of functional foods
with regard to the human immune system are still in their infancy and a great deal of controversy
swrounds the health claims attributed to some functional foods. Consequently, thorough studies
are required in human and animal systems if we are to move towards developing a functional diet
that provides maximal health benefits.

Introduction

Discoveries in the biosciences in recent years have provided evidence that, beyond nutrition,
diet may also modulate various bodily (including immune) functions that are relevant to the
host’s health. These discoveries are shifting nutritional concepts from identifying a ‘balanced’ diet
(ensuring an adequate intake of nutrients while avoiding excessive intake of those nutrients that
can contribute to disease, e.g., fat and salt) to an ‘optimized’ nutrition. The outcome of ‘optimized’
nutrition is to maximize life expectancy and quality by identifying food ingredients that are able
to improve the capacity to resist disease and enhance health when part of a ‘balanced’ diet and
lifestyle. The latter provides a concept of functional foods, which was initiated in Japan in the late
1980s as a marketing term (linking medical and food sciences).

Functional foods can not be categorized with a single definition due to their novelty and di-
versity.! Although the scientific working definition of functional foods varies across geographical
regions, all are in agreement that functional foods (specific nutrient and/or food components)
should beneficially affect one or more target functions in the body. Thus, a general definition for
functional foods states that ‘a food can be regarded as functional if it is satisfactorily demonstrated
to affect beneficially one or more target functions in the body, beyond adequate nutritional ef-
fects, in a way that is relevant to cither improved stage of health and well-being and/or reduction
of risk of disease’* Quantitative evaluation of modulation of these target functions is required to
scientifically substantiate the claims attributed to a particular functional food; this can be done by
measuring changes in the serum or other body fluid concentration of a specific metabolite, protein
or hormone, a change in physiological parameters (e.g., blood pressure or gastrointestinal transit
time) and/or a change in physical or intellectual performance.!
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Functional foods have two main uses in terms of their action upon the immune system: (i)
to overcome/prevent the effects of undernutrition and (ii) as aids in the treatment of chronic
clinical conditions. Undernutrition impairs the immune system and suppresses immune functions
that are essential to host protection. This state can be the result of insufficient intake of energy
and macronutrients and/or deficiencies in specific micronutrients.> The component that makes a
food ‘functional’ can be either an essential macronutrient with a specific physiological effect (e.g.,
omega-3 fatty acids) or an essential micronutrient if its intake is above the daily recommendations.
Furthermore, it can be a non-essential food component (e.g., prebiotics) or a food component
without nutritive value (e.g., probiotics or phytochemicals). While the beneficial effect of essential
nutrients on the functioning of the immune system has been well documented, the effect on the
immune function of non-essential and nonnutritive food components is a relatively recent subject
of interest and thus is less well documented.* It is clear from studies conducted in animals, and the
limited number conducted in humans, that there are a number of nutrients whose availability at
an appropriate level is essential if the immune system is to operate efficiently.? It is also clear from
recent studies that the introduction of functional foods into the diets of patients with clinical
conditions can help ameliorate disease symptoms.>*

'The following text describes those functional foods for which data are available in relation to
their effects on the immune system. Special attention is paid to the so-called ‘colonic functional
foods, which have been shown to affect the gut’s immune response. Details are also given for some
emerging functional foods that may or may not have immunomodulatory properties.

Colonic Functional Foods

The human body is host to a large number of commensal bacteria, with most residing in
the gut. The large intestine is, by far, the most densely populated area of the gut and its resident
microbiota plays a key role in nutrition and health as well as the proper functioning of theimmune
system.” The composition of the microbiota is influenced by various environmental and genetic
factors, with dietary residues considered the most important of these. Dietary substrates reach-
ing the large intestine are able to influence the number of bacteria (in terms of total and specific
populations) present and metabolic byproducts from bacteria utilizing these dietary substrates
can affect the gut-associated lymphoid tissue (GALT )—the largest component of the immune
system. Consequently, dietary modulation of the intestinal microbiota is the main purpose of many
current functional foods. This modulation of the intestinal microbiota by dietary means is also
the basis for the pro, pre and synbiotic concepts, all of which rely upon enhancing the beneficial
components of the intestinal microbiota, namely the bifidobacteria and lactobacilli. While the
probiotic concept relies upon the use of live microbial supplements to modulate the microbiota,
the prebiotic concept relies upon the use of nondigestible food ingredients that selectively stimulate
the growth and/or activity of beneficial groups of bacteria indigenous to the colon.** The synbiotic
concept is a combination of the pre and probiotic concepts.

The first records of ingestion of live bacteria by humans are over 2000 years old, but it was not
until the beginning of the last century that probiotics were given a scientific basis through the work
of Metchnikoff.'*'! He hypothesized that the normal gut microbiota could exert adverse effects
on the host and that consumption of ‘soured milks’ reversed these. Since these early observations,
attempts have been made, especially in the last 20 years, to modulate the gut microbiota through
the use of probiotics and these remain the most tried and tested modulators of the intestinal
microbiota; their use and action have been described elsewhere in this book, so they will not be

discussed further in this chapter.

Prebiotics

Any dietary material that enters the large intestine is a candidate prebiotic. This includes carbo-
hydrates such as resistant starch and dietary fiber as well as proteins and lipids. However, current
prebiotics are confined to nondigestible oligosaccharides (NDOs). These escape enzymatic diges-
tion in the upper gut, enter the cecum without change to their structure and confer the degree of
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selective fermentability that is required. Their complete fermentation by the colonic microbiota,
resulting in the production of short-chain fatty acids (SCFAs), lactic acid and energy, is indicated
by the fact that NDOs are not excreted in the feces.?

Oligosaccharides are sugars consisting of between 2 and 20 saccharide units. Some occur
naturally in breast milk and certain foods such as leek, asparagus, garlic, onion, chicory, wheat, oat
and soybean. However, these naturally occurring oligosaccharides can not exert a prebiotic effect
in their native state, due to their low concentrations, so are produced commercially through the
hydrolysis of polysaccharides (c.g., dietary fibers and starch) or through catabolic enzymatic reac-
tions from lower molecular weight sugars. Currently, there are over 20 different types of NDOs
on the world market: the most commonly used and cited prebiotics are listed in Table 1. Of these,
inulin, fructooligosaccharides (FOS), transgalactooligosaccharides (TOS) and lactulose have been
the most thoroughly investigated and for these a prebiotic effect has been proven.'?

Effects of Prebiotics on Immunity

The idea that prebiotics could help the intestinal defense system originated from the observations
that newborn babies, who have an underdeveloped intestinal host defense system, lack an appropriate
capacity to defend themselves against intestinal infections. Furthermore, infants consuming their
mother’s milk were found to have a greatly reduced risk of diarrheal diseases and a lower risk of
respiratory and other infections. Human milk contains various protective components and active
ingredients, including NDOs, which represent the third largest component of human milk and have
been identified as the main factors involved in the development of an appropriate colonization process
in infants, which in turn stimulates the maturation of intestinal host defenses.'®

Although it is known that human milk oligosaccharides can exert a prebiotic effect, research into
the immunomodulatory actions of prebiotics is very recent, with most data originating from animal
models. In one study, mice were fed FOS or inulin for 6 weeks and then challenged with various
tumor inducers and enteric and systemic pathogens.'® It was found that prebiotic supplementa-
tion resulted in a significantly lower incidence of aberrant crypt foci in the distal colon as well as
reduced pathogen-induced mortality. It was suggested that the enhanced immune functions were
in response to changes in the composition and metabolism of the colonic microbiota. In another
study, the same group investigated the effect of the same prebiotics on immune functions in mice.
After 6 weeks’ supplementation with FOS or inulin, increased natural killer (NK) cell activity and
phagocytic activity of peritoneal macrophages were observed.”

In Mir mice (a model for human colon cancer), FOS administration significantly reduced
the incidence of colon tumors.'® Furthermore, Min mice depleted of CD*" and CD¥" lympho-
cytes developed twice as many tumors as immunocompetent mice, suggesting that the reduced
incidence of colonic tumors after FOS supplementation was due to an appropriate functioning
of the immune system.'

Increased IgA secretion and production of IFN-y, IL-10, IL-5 and IL-6 from Peyer’s patch (PP)
cells and increased size of PPs in the small intestine were observed in mice after 6 weeks of FOS
supplementation.” The IgA response and polymeric immunoglobulin receptor expression in the
small intestine and the colon were observed in another study which examined the effect of FOS in
infant mice.! Increased IgA secretion and phagocytic activity of macrophages were also observed
in rats fed lactulose.”*** In addition, several studies with mice observed a change in PP cellularity in
different regions of the gastrointestinal tract after administration of FOS.'#2%% These studies suggest
that prebiotic fermentation in the colon can induce changes in several regions of the GALT.

Evidence for a direct effect of prebiotics on the human immune system is documented only
in one trial, in which frail elderly individuals in a nursing home received 8 g of FOS daily for 3
weeks.” Significant increases in the total lymphocyte count and the number of CD* and CD**
cells were observed, along with increased numbers of bifidobacteria. Reduced phagocytic activity
of polymorphs and monocytes and the expression of IL-6 mRNA in peripheral blood monocytes
were also observed and attributed to a general decrease in inflammation. However, another study
showed that a nutritional supplement containingeither placebo or inulin and FOS did not augment
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the results of vaccination with influenzal and pneumococcal antigens in the elderly.® An indirect
indication of improved immune status after consumption of milk fortified with Bifidobacterium
lactis (DR-10TM) and TOS was documented in one trial where a reduced incidence of diarrhea
and improved nutritional status of children were observed.”

It is clear from the limited number of studies done to date that more human studies with
prebiotics are required to demonstrate the effect of these compounds on the immune system,
especially since animal models suggest they have a beneficial effect. More studies into the effects
of an altered intestinal microbiota on immune function are also needed, as this is also expected
to modulate GALT activity.

Mechanisms for the Effects of Prebiotics on the Immune System
'The underlying mechanisms of how prebiotics modulate the immune system are not known
at present. Experimental data, however, suggest that these compounds exert effects in the GALT
and also point to a few different mechanisms that might explain these effects:
* Selective changes in bacterial composition and bacterial products which modulate cytokine
and antibody production;
¢ Production of SCFAs and their interactions with leukocytes;
* Modulated mucin production;
e Interaction with carbohydrate receptors of pathogens inhibiting their attachment to
epithelial cells as well as receptors on immune cells.

Selective Changes in Bacterial Composition and Bacterial Products

It is well known that prebiotics increase the number of beneficial bacteria (i.e., bifidobacteria
and lactobacilli).?®*! Probiotics (usually bifidobacteria or lactobacilli), when administered orally,
are known to increase the secretion of IgA in the small intestine and the feces and to stimulate
PP B lymphocyte IgA production.’*** They are also known to exert effects on systemic immune
functions and various immune parameters in the lungs, spleen and peritoneal cells.***”

Intestinal epithelial cells are involved in both innate and adaptive immune responses and act
by transducing signals from luminal pathogens to adjacent immune cells of the intestinal immune
system, via specific germline-encoded pattern-recognition receptors, such as Toll-like receptors
(TLRs) and cytoplasmic receptors.®® TLRs are able to discriminate between the normal commensal
biota and pathogens and induce the transcriptional activation of a number of genes mediating
immune and inflammatory responses.” Pathogen-associated molecular patterns (PAMPs) [e.g.,
endotoxin (lipopolysaccharide), lipoproteins, lipopeptides and imidazoquinolines] present on
diverse microbes are initially recognized by TLRs and their interaction results in the activation
of intracellular signaling pathways, nuclear translocation of transcription factor NF-xB and the
transcription of pro-inflammatory cytokines.”” The changes that occur in the composition of
the intestinal microbiota due to prebiotic fermentation could potentially reduce the presence of
PAMPs and thereby exert a positive effect on the immune system.

Prebiotics also promote an increase in bacterial cell-wall components that are recognized by
TLRs and in DNA derived from luminal bacteria that, in turn, stimulate the intestinal immune
system.* Cytoplasmic components and cell-free extracts of probiotics have also been demonstrated
to produce some of the same immune effects (e.g., IgA production by PP and macrophage stimula-
tion) as live bacteria 324!

Production of SCFAs

The major end-products of carbohydrate fermentation are SCFAs, of which acetate, propio-
nate and butyrate are quantitatively the most important in the human colon. The production of
SCFAs in the colon averages 400 mmol day™!, with a range of 150-600 mmol day~.#2 All SCFAs
are rapidly absorbed from the large intestine and stimulate salt and water absorption: principally,
the gut epithelium, liver and muscle metabolize them, with virtually none appearing in the urine
and only small amounts appearing in the feces. The three major SCFAs are trophic when infused
into the colon and these trophic properties have important physiological implications in addition
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to maintaining the mucosal defense barrier against invading organisms.*> However, butyrate ap-
pears to be the most effective in this regard as it is a principal energy source for epithelial cells.*
Furthermore, butyrate is known to suppress lymphocyte proliferation, inhibit cytokine produc-
tion of Thl-lymphocytes and upregulate IL-10 production; it also suppresses expression of the
transcription factor NF-«B and upregulates TLR expression.?># Butyrate is also believed to protect
against colon cancer as it inhibits DNA synthesis and induces cell differentiation.*”#

Increased SCFA production during prebiotic fermentation has been confirmed in a number of
studies, although the extent to which serum SCFA levels are affected following prebiotic consump-
tion is not known 2?%3! However, it has been demonstrated in a rat model that supplementing total
parenteral nutrition with a SCFA mixture results in increased NK cell activity.” Pharmacological
doses of acetate administered intravenously to both healthy individuals and cancer patients also
increased NK cell activity and peripheral blood antibody production.®® In addition, it has been
shown that serum glutamine levels are raised following lactulose administration and suggested that
increased SCFA levels were responsible for this {glutamine is a preferred substrate for lymphatic
tissue).>*** Therefore, SCFA production in the large intestine could potentially reduce the require-
ment of epithelial cells for glutamine, making it available to the cells of the immune system.

Mucin Production

The first line of defense of the mucosa against luminal contents is the mucous layer, which is
mainly composed of high-molecular-weight glycoproteins (mucins) that are secreted by goblet
cells.>* The thickness of the mucous layer and the number of goblet cells varies throughout the
gastrointestinal tract, and in the colon it increases distally, where the number of bacteria is also the
highest.” In addition, mucin in the colon is more sulfated than in other regions, giving it a strong
negative charge and making it less sensitive to degradation by bacterial enzymes (only about 1%
of the total intestinal microbiota is able to degrade mucin).¢

Thus far, the effect of prebiotics on mucin production has been reported in only one study, where
it was shown that inulin administration resulted in increased mucin production in rats.” Greater
mucin production was found to be associated with a lower incidence of bacterial translocation
across the mucosa following dietary fiber supplementation.*®>* Furthermore, SCFA production,
especially butyrate, is known to medulate mucin synthesis, release and gene expression.¢? It has
been shown in a perfused rat colon model that the production of acetate and butyrate from the
fermentation of dietary fiber stimulates mucin secretion, but fibers do not have the same effect
on their own.®

However, the mucous layer is a dynamic environment and there is still a lack of understanding
as to what mucin-associated bacteria do and whether increased mucin production is a positive or
a negative outcome. Pathogens and beneficial commensal bacteria are able to modulate mucin
synthesis by regulating some of the mucin genes. Currently, there are 16 identified mucin genes, but
further work is needed to fully explain the function of each of them and to identify new genes.

Carbohydrate Receptors

Studies suggest that some prebiotics are directly involved in protecting the gut from infection
and inflammation by inhibiting the attachment of pathogenic bacteria or their toxins to the colonic
epithelium.* This attachment is necessary before pathogens can colonize and cause discase and it is
mediated by glycoconjugates on glycoproteins and lipids present on the microvillus membrane.%
Certain prebiotic oligosaccharides contain structures, similar to those found on the microvillus
membrane, that interfere with the bacterial receptors by binding to them and thus preventing
bacterial attachment to the same sugar on microvillus glycoconjugates. For example, a-linked
TOS, present in human milk, are known to have anti-adhesive properties and be capable of toxin
neutralization.®*s” Recently, 2 novel TOS mixture, which contains an oligosaccharide in alpha
anomeric configuration, was shown to significantly decrease the attachment of enteropathogenic
Escherichia coli (EPEC) and Salmonella enterica serovar Thyphimurium in viteo.®

In addition, immune cells also express specific carbohydrate receptors which mediate various cel-
lular reactions when activated. For example, C-type receptors expressed on phagocytic cells, minor
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subsets of T- and B-lymphocytesand NK cells as well as the dectin-1 receptor expressed on neutrophils
and macrophages, are known to be activated by B-glucans from fungi, plants and yeast.®” Recently,
nigerooligosaccharide (an a-glucan-derived NDO) was found to stimulate NX cell activity in vitro,
suggesting a direct effect of this NDO on NK cells via a specific lectin-type receptor.”!

More studies, however, are required to determine whether these approaches will be successful
for other prebiotics.

Dietary Fibers

There are many different types of dietary fiber (e.g., gum arabic, pectin, celfur, gluacomannan,
curdlan, guar gum and sugar beet) derived from plant material. After ingestion, these compounds
pass into the large intestine intact (i.c., are neither fermented nor hydrolyzed) and are metabolized
by intestinal micro-organisms. [It should be noted that dietary fibers differ from prebiotics in
that they are not selectively fermented by the perceived beneficial bacteria (i.e., lactobacilli and
bifidobacteria) of the large intestine.] A number of studies have shown that the fermentation
of these fibers leads to changes in the function and structure of the gut and the production of
gut-derived hormones.”” Several studies have also demonstrated that dietary fibers enhance im-
munity. However, too few data are available to draw conclusions about the immunomodulatory
properties of specific dietary fibers.

A feeding study involving adult dogs showed that adding fermentable fiber (in the form of a
mixture of beet pulp, oligofructose powder and gum arabic) to the diet led to changes in the type
and function of cells from different parts of the GALT. The fermentable fiber content of the diet
(either 8.3 g/kg or 8.7 g/kg per day for 2 weeks) significantly altered the proportion of CD*" and
CD?* cells and their in vitro response to mitogens.”? Switching from the low- to the high-fiber diet
led to increased mitogen responses in T-cell tissues {(mesenteric lymph nodes and intraepithelial
lymphocytes), but decreased responses in B-cell tissues (lamina propria and PPs): these effects
were not observed when switching from the high- to the low-fiber diet. Switching to the high-fiber
diet also led to increased NK cell activity. Studies in which rats were fed pectin and sugar beet,
respectively, have also demonstrated an increase in CD* T-cell numbers in the mesenteric lymph
nodes and in CD?" cell numbers.” Studies in which the dietary fiber and/or its dose were changed
have demonstrated a number of effects on the immune response: an increase in immunoglobulin
production (mesenteric lymph node, serum and mucosal), an increase in the number of PPs, al-
tered cytokine production in the mesenteric lymph nodes and altered leukocyte and lymphocyte
numbers in the spleen, blood and intestinal mucosa.” Clearly, more work is needed to determine
the doses and types of dietary fibers that are most beneficial to the immune system.

Other Functional Foods

Micronutrients

Numerous studies have shown that micronutrients such as zinc, selenium, iron, copper,
f3-carotene, vitamins A, C and E, and folic acid can influence several components of the immune
system and have roles to play in disease prevention and the promotion of health.”?”* Consequently,
many of these nutrients are routinely included in, for example, breakfast cereals, juices and dairy
products. The following is a brief overview of the effects that deficiencies of some of these micronu-
trients have on the body. Details for the beneficial effects of these nutrients are given in Table 2.

Zinc

Zincdeficiency has a marked effect on the bone marrow, decreasing the production of nucleated
cells and of those that are lymphoid precursors.’ In man, experimental or mild zinc deficiency results
in decreased thymulin activity, NK cell activity, lymphocyte proliferation, IL-2, IFN-y and TNF-a.
production and delayed-type hypersensitivity response and a lowered CD**-to-CD?* ratio. Zinc
deficiency is also associated with diseases such as sickle cell anemia and acrodermatitis enteropathica,
where NK cell activity is decreased in the former and thymic atrophy, impaired leukocyte develop-
ment, fewer CD*" cells and reduced responsiveness and delayed-type hypersensitivity are observed



GI Microbiota and Regulation of the Immune System

86

a8ed )xau uo panunuod

SJUBJUI PBYSIINOL|EW Ul BSYLIBIP JO 3JUSPIDUI $9589108(

Apap|a ay ur Ajlunuwiwi pajeIpaw-||ad sadueyu]

(51|90 AJOYewiLUBjUI PU. SUNWWI

UM WINIBLIOPUS Y} JO UONDBISU] BY} JO UORINPaI “3'3) SWsiueydawW
JO Jaquinu & Y3noay) sisauadolayie SJENPoW ABW :3NeIUl J UIUBYA
Y81y Yum paleIdosse SUBLLNY Ul 9SBASIP JR{NISBAOIPIED JO UCHONPIY
3 uiweyA yum pajuawajddns 1a1p e pay so1w ut AjanisuasiadAy
adA3-pakejop pue uononpoud z-1) ‘uononpoud a14doydwA| pasessou
Auaple

ay} ul A|qelou Jsow ‘suonouny ajAdoydiuA| Jo Jaquinu e 3duryus

0} UMOYS Udaq Sey pIde D1gJodse Yim uoneuswe|ddns Areaiq
uonejusws|ddns Jaye sjsoy

JUDIDIAP V-UILIBYIA Ul PIAIASGO UISQ Sy UoioUN dunLuwil paaoidu
uoneuawajddns aujuiBie snouasenu) ue UAAIS asom

S[eWIUe AU} uayMm (SUeSIO JBYI0 [BI9AIS pUR) [RUBD AJBJUSLULE

39U} Ul PAAIISCO Sem IPIXO DU 3ANSa)0.d Jo uononposd paseaidul
“UIXOI0PUR JOD BIYDLIBYDST YUm PISUI|[BYD [APOW [BLUIUE JUIMS E U]

ssan0ud iy uy ajod e sAejd 11 Jey} uoidsns
Suoxs Jnq ‘uonewweyul INg ur 3|04 0 preSas yIMm uoiTeLLIOJUI ON

©SOONLW [EUNSIUI JO SSO| B O} payul| widy) ut dojanap saidojoyred
USYM sueWINY Ul 3|qeNns aq Aew ‘asojesay 519131d ul sayhooydwA|
[ejeynda-enur pue safeydosoew [BSOONW JO SIAGUWINU $3SBIIDU|

WaJSAS BUNWILWI BY} SIDUBYUS, UIAD 10 saziwndo
uonepixosad woyy spidi| aueiqusw jo uonoajoud Joj pasnbay
1DBJBIED PUB JADUED ‘SEISIP IB[NISEAOIPIED

Jo uonuaAaid ay) Ul 9|04 [eDIJAUSY pue Jofew e sAed
uonepixosad woyy spidi) sueiquiaw Jo uonslo.d Joj pasinbay
$[[92 duniuw JAIRP Auew jo Suluonouny ssdoud 1oy paiinbay
uonepixolad woy spidi sueiquiatu Jo uoidoud Joj paiinbay
{10yeUOP BPIXO DUNU B SE) uoneISIW

190 jeunsajus Sunowoud uj 3|01 € aary 0) pazisaylodAy

Aredas [eunsau Sunotuoud so4 pue ajeuoasu ay) jo

3UNSIUY |[BWS Y} UT [ENUISSD AJEUORIPUOD 84 O) UMOUY|
auNsaUI [feWS Y JO esoonw 3y} Aq autjoud pue supuidre
‘auoyiein|8 Jo sisaypuAsoiq ay 4oy Josindaad d1y103ds
aulIsauL fjeus

3y} Jo §)190 [e1RYNda Jo} ajensqns dijogels pajsadsng
wsiuedio sjoym ayj Joj auluiSie/sul||niio sapirold

xiw spensqns jewndo ue yym sarfoojeday sarddng

shkemyjed d1joqeue 1o} siosindaid

8uipiaoid Aq uonouny pue a1MONAS [BUNSSIUI SUTRIURW
3UNS3UI |[BWS B} JO BSODNW Y} JO J3Ae] [eljoyndd

ayy Aqg pazipixo AJ|ny s1 ey |any DijogeIst afqesuadsipul

sred UIWEBHA

#0 UIEUA

vV UIWEHA

LPuIuBly

,orewen|n

(PUWEIN

WA)SAS Aunwiw| uo )23y pajloday

(s)2j0y pooy [euonduny

'spooy reuonouny fenuajod se uoneSisaau; Jopun AjpuaLind ale yey) sudUOdLUIOd POOJ/SPOOY J0f S|Ielap SureIL0d OS[e 3jqe)} iy} Japdeyd
SHy} Ul PISSNISIP SIUNU0IDIW 3y} J0 sariadoud feiauaq ay Jo sjrejap SuiAif se jjom sy “senuadoud Jray) pue spooy feuonouny awos “Z 3jqe|




87

Diet, Immunity and Functional Foods

siaquInu {]32 +HD) pue [|9d-|

Ul $9SB10U] PSJBISUOWDP OS[B APNIS SLUES JY) ‘S[eNPIAIpU

9591} U1 3dURIEI|D SNUIA o1jod paroadwi Adusiijep WNIUR|as
feuiSrews ynm synpe uewny Ayfeay jo uonejusuajddns wniuajeg
Joidaoas z-7| Apuyge-y3iy jo uoissaidxa

paseasoul pue uadoliw o) asuodsal ul uonesatjosd ajAooyduwiA|
PIsEIDUL UMOYS SABY UeW Ui saIpnis uoljejuawalddns winiuajeg
SIY) WuIyuod 0] pasinbay si yiom Jayling Inq ‘sadeydosoew

PUE S|[30-] SAJOAU! UOHE|NLUINS SURLWILI JO SWsIueydaw jey) JySnoy |
AuAnoe |90 J2)(1 [eInjeu sjuawBne pue AJAnoe

UOJaJ4)UI $9DNPUI “]00 821103]| Jo Jusuodwiod Jofew e ‘UIzIyAdA|D
uononpoid uosaAul sadnpul pue sisojAdoeyd

saseasdul ‘sajhooydwiA| jo Ayanoe ay) ssjowoud easeuryoy

(eHO) S[EDIpEl 981 JO JaBUDARDS B 3G O] UMOYS Udd( SeH
s9)1Ao0ydwA| jo uonesaytjosd ayl aseauour pue AyAnDe

]9 J3||1} [BIMBU A)BINWINS O} UMOYS UG dARY Dij4e] Jo suoieredaid

sjuejul uy sisdas Jo ysi1 2onpay

uonouny pue wstogesw [ewndo Joy sepnospnu o Ajddns
snouaoxa ue uninbai s)|20 ploydwA| 0) anp aq 0} 3ydnoy; s)

INQ ‘UMOUNUN SI UOIIDE JO WISIUBYDSW S)uBjUL Ul AJlUntuLl adueyu]
201w Ul ‘s||3d-) Aq udAup si uojssaidourd

ISOYM 9SBISIP 91|-515043[0s ajdn|nw e ‘3 Jo 19su0 pajusaald

(£Q UIBYAAXOIPAYIP-GZ'OL) € UILEIIA JO WIO) [euoiduny ARl
Yreap 1oyl pajuanasd pue g| jo uoissaifoad ay) paxpolq

(0 UIWEYIA SATIOR LM DI INOYO0UY 01-]] JO JUSLLNESI) OAIA U|
J3oueDd ajesisold DnElISEIAW YIIM UBW )

s|oA9| uadnue oy1vads-ajejsosd paseasap axelul paseasnuy|

9oudjadwodounwuLl 0) SPed| WNIUaAs JO AdualdlRQg
UOHDUN) SUNLUWI PUE Y3[eay UOq Ul PIAJOAU|

s1oayye Aloliqiyui-iown) 1axa Ajlenuajod ‘sueonid

-(-g-(€=~1) JejnonJed ui ‘susuodwod pue SWooIysSNW S|0YA

UOTDUN) BUNLILL] IDUBYUD
Aew SpIOUBI0IED Y 1O D) UIWEYIA ‘SPIOUOAR]) Ul YOI 950y |

J92UBD [EDIAIAD pUE AJeuruew

‘u0|0D ‘YIBLUIOYS JO BOUBPIDUI B} $3DNPaJ uondwnsuo)
sjuejul Ul Joey) [eunsajutolsed

3y} Jo sreday pue uonenuaRIP ‘YiMmoiS syl ul 3ol e Aejd
sAemyyed Alojesdsas

eI A313U3 Je|n||3D JO SDUNOS PUE SAWAZUIOD JO SIUINYNISUOD
‘sioye1paw [eai8ojoisAyd ‘si0sinda1d pide D19|oNU se BAISS

UOHDUNY AUNWIY) pUE
(sise3soawoy winiofed jo uonengal) yesy auoq Joj [enuass]

»er WNIUB[AS

cgSWOO0IYSNN

wSQURH

62110

12£59PHOBPNN

o8-8, UIWENA

Wwa)sAg sunwiw| uo s)33)43 pajsoday

(s)310y

poo4 |euonduny

panunuo) 7 d|qel




88 GI Microbiota and Regulation of the Immune System

in the latter.> While zinc deficiency can affect the immune system, it should be remembered that
excessive zinc intake also impairs immune responses: high zinc intakes can decrease lymphocyte
and phagocyte functions and can result in copper depletion (copper also being necessary for proper
immune function).

Dietary Antioxidants—Vitamins A and E

Reactive oxygen species (free radicals) are produced by phagocytes as part of the body's defense
against infection. These species can cause injury to immune cells, impairing cell-cell communication
and, consequently, immune responsiveness. In addition to endogenous oxidative stress, exposure
to oxidants and free radicals in the environment (e.g., cigarette smoke, ultraviolet light and ozone)
can contribute to the level of oxidants in the body.”> Many anti-oxidants are obtained from the diet,
but adequate amounts of neutralizing anti-oxidants are required to prevent damage to immune
cells by phagocyte-produced reactive oxygen species. It has long been known that there is a link
between diets rich in anti-oxidants and a reduced incidence of cancer and it is thought that this is
due, at least in par, to anti-oxidants boosting the body’s immune system and helping to protect it
from the toxic products (i.e., reactive oxygen species) produced by the action of phagocytes.*

Vitamin A affects many different types of immune cell. A deficiency of this vitamin can cause
defects in phagocytic activity (i.e., defective chemotaxis, adhesion and ability to generate reactive
oxygen metabolites in neutrophils), impairment of T- and B-cell function and reduced NK activ-
ity, production of IFN, effectiveness of fixed fat macrophage activity and lymphocyte response
to stimulation by mitogens.™ It can also change the integrity of the intestinal epithelium, which
may lead to an altered immune response that allows translocation of bacteria (i.., the movement
of intestinal bacteria to extraintestinal organs) and, possibly, systemic infection.”

Vitamin E is the major lipid-soluble anti-oxidant in the body and is required for protection
of membrane lipids from peroxidation.? Vitamin E deficiency has been shown to decrease spleen
lymphocyrte proliferation, NK cell activity and phagocytosis by neutrophils in animals.? Vitamin E
deficiency is also known to increase susceptibility of animals to infectious pathogens; indeed, studies
in chickens, turkeys, mice, sheep, pigs and cattle have shown that an increased intake of vitamin
E promotes resistance to pathogens.? It should be noted that the effects of vitamin E deficiency
are more marked if animals are fed a diet containing a high level of polyunsaturated fatty acids.
In addition, the amount of vitamin E required for maximal effect is age-dependent (i.e., increases
with age due, in part, to prolonged exposure to free radicals). As noted for zinc, excessive vitamin
E in the diet can impair immune functions: some studies have reported that 2300 mg vitamin E
per day can decrease the ability of neutrophils to undergo phagocytosis and to kill bacteria and
decrease monocyte respiratory burst and IL-1§ production.?

Glutamine

Glutamine is defined as a conditionally essential amino acid. Studies have demonstrated that
the ability to synthesize and store glutamine may be impaired in some individuals and may affect
optimal growth and renewal of cells during long-term stress, hypercatabolic and hypermetabolic
states or prolonged starvation.” Glutamine has been shown to change the cellular structure of the
piglet small intestine (particularly the ileum and jejunum) and to possibly restore the intestinal
mucosa after thinning (e.g., after weaning).” Therefore, there may be a future role for glutamine
supplementation (either via enriched foods or production by probiotic bacteria) in the treatment
of inflammatory conditions in the human small intestine.”

Vitamin D

Very few foods naturally contain vitamin D, which is why at the turn of the 20th century more
than 80% of European and American children suffered from rickets.” Nowadays, many foods (e.g.,
dairy products, orange juice, cereals and bread) are fortified with vitamin D in the US. However,
only margarine and some cereals are allowed to be fortified in most European countries due to
an outbreak of vitamin D poisoning in the 1940s.” The majority of people’s vitamin D (in the
form of vitamin D) requirement is obtained by exposure to sunlight. Circulating levels of active
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vitamin D in the body mean that it can interact with tissues that have a vitamin D receptor (i.e.,
skin, colon, prostate, breast, heart, skeletal muscle, brain, monocytes and activated T-cells), which
helps maintain cellular growth and prevents the cells from becoming malignane; therefore, there
is a strong link between vitamin D deficiency and the development of cancer.”® Deficiency of this
vitamin has also been observed in patients with irritable bowel disease (IBD) and accelerates the
development of experimental IBD in IL-10 knockout mice.”

Nucleotides

Nucleotides, like many amino acids, are considered conditionally essential. They have been
added to infant formulae for many years in an effort to improve immune function. During periods
of rapid growth or limited nutrient intake, or in certain disease states in which a loss of gastroin-
testinal mass occurs, intake of nucleotides spares the organism from de novo synthesis and may
bring tissue metabolic levels to full working conditions.”™

Summa

The examples given in this chapter demonstrate clearly that a number of foods and food com-
ponents beneficially stimulate the immune system and confer health benefits upon the consumer.
Although studies into functional foods and their action on the immune system are still in their
infancy, it is an exciting area of research that may allow the development of foods that will obviate
the need for resorting to medicines for the treatment of certain conditions. The ultimate aim of
these studies would be the development of a ‘functional diet’ that confers maximal health benefits
upon the individual. ™ However, there may be a need to develop analytical methods (biochemical
and/or molecular) that allow tailoring of functional foods to a particular individual’s needs. It is

important, also, to consider cultural and regional aspects when developing functional diets.
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