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Incidence of gastrointestinal infections

Gastrointestinal infections are still a major health problem. The worldwide incidence
of acute infectious diarrheal disease is estirnated to be 3-5 billion cases per year, resulting
in 3-5 million deaths each year [1]. The increased transport of perishable foods, changes in
consumer food preferences and food processing practices, and internaticnal travel may all
add to an increased exposure to foodborne pathogens from all parts of the world. In
addition, the use of immunosuppressive drugs, aging, and extension of life expectancy for
the chronically ill through medical technology, have increased the population susceptible to
severe illness after infection with foodborne or nosocomial pathogens [2]. Among
foodborne disease outbreaks of known etiology the leading cause is bacterial pathogens
(35%}, followed by toxins, viruses and parasitic organisms other than bacteria and viruses.
Cause of illness is determined in less than half of the outbreaks [2]. In the Western world,
the bacterial pathogen most frequently isolated from patients suffering from acute gastro-
enteritis is campylobacter spp. (50%), followed by salmonella spp. (25%) [2, 3]
Moreover, infections caused by these two pathogens have emerged importantly in the last
two decades [2]. Salmonella epidemiology has shown that Salmonella enteritidis has now
outnumbered Salmonella typhimurium as the most frequently isolated salmonella species
[4].

While most intestinal infections result in a self-limiting gastroenteritis, the regular
occurrence of gut-derived septicemia in people receiving immunosuppresive drugs, patients
suffering from inflammatory bowel diseases and patients in intensive care units on
(par)enteral nutrition regimen is a major complication [5-7]. Treatment of many foodborne
infections by antibiotics is often discouraging, since it hardly ameliorates the severity of
illness and often prolongs asymptomatic carriage [8, 9]. Another concern is the growing
resistance of bacterial pathogens, including salmonella species [10, 11], to clinically
important antibiotics [8]. It is even possible that some formerly treatable diseases may
become incurable [12, 13]. The high frequency of antimicrobial resistance today is
probably a consequence of the widespread use or the inappropriate therapy of infections in
both humans and animals [8]. This stresses the importance of prevention to cope with the
problem of emerging infections. Therefore, an important challenge of modern medicine is
to understand what defenses are most important in preventing bacterial disease, how to
identify people who lack the necessary defenses, and how to restore or replace these
defenses [12].

Critical steps in the etiology of intestinal infections

Before discussing host defenses, it is useful to outline some important steps of the
course of an intestinal infection. Although different (potential) pathogens use different
tactics to resist host defenses in order to gain access to the intestinal mucosa [14, 15],s0me
general strategies can be observed. Once a bacterium reaches the intestine, it must penetrate
the mucus layer and adhere to host cells to colonize them (Figure 1, part A). Only bacteria
that can adhere to the mucosa will be able to resist the constant flow of gut contents due to
intestinal motility. Flexible glycoprotein structures extending from the bacterial surface,
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Figure 1 Schematic reproduction of the course of intestinal infections by invasive
bacteria: A microbial adhesion to epithelial cells, B bacterial translocation
across the epithelial barrier, C reaction of the immune systemn.

called pili or fimbriae, are sometimes involved in establishing contact between the
bacterium and the apical cell membrane of enterocytes [16, 17]. Some pathogens, for
instance yersinia [18] and salmonella [15, 19], also seem to use specialized antigen-
sampling M cells to gain access to extra-intestinal tissues. After traversing the epithelial cell
layer, the bacteria encounter the basement membrane, which acts as a filter and can to some
extend hold up the infection, but its functional integrity is soon broken by epithelial cell
damage or inflammation. At this site, the invaders are ingested by macrophages or other
phagocytic cells (Figure 1, part B) and transported to the mesenteric lymph nodes [20, 21].
When massive translocation occurs, bacteria will spread to the blood stream and invade
other organs, a life-threatening situation called bacteremia or septicemia [21].
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Host defenses against bacterial pathogens

Of course, the most effective way of protecting the human body from pathogenic
bacteria is to prevent contact with the bacterium in the first place. Fortunately, an array of
host defenses is present to attack disease-causing bacteria, which succeeded in gaining
access to the body by mouth. The first line of defense is non-immunological (Figure 2).
The low pH of gastric juice (<3) has strong sterilizing properties, because many food-
pathogens are acid-sensitive [22, 23]. Hypochlorhydria, in otherwise healthy elderly or in
users of H, receptor antagonists and proton pump inhibitors, leads to increased intragastric
bacterial counts and susceptibility to gastrointestinal infections [23-26], including
salmonella [27]. Buffering of gastric content and physical protection of bacteria by food, in
combination with the rate of gastric emptying, are additional factors influencing the amount
of pathogens surviving the gastric barrier [23, 24].

The small intestine is protected to infective bacteria by a thick mucus layer covering
the epithelium. Mucus not only acts as a lubricant to protect the relatively delicate epithelial
cells from gastric acid, bile acids, chemical irritants and physical damage, but is also a trap
for microbes to prevent their attachment to the mucosa. The mucus layer obtains its
viscosity from mucins. Mucins are glycoproteins and its oligosaccharide units protect it
from proteolytic enzymes. Furthermore, the sugar chains mimic epithelial receptors for
bacteria and act like a physical sieve trapping microbes and bringing them in close contact
with secreted antibodies (sIgA), lactoferrin, lysozyme and lactoperoxidase [26]. The small
intestine has a relatively high motility, which prevents adhesion to the mucosal epithelium
and subsequently bacterial overgrowth [24]. Duodenal secretions, as pancreatic enzymes
and bile, have potent bactericidat activity. For instance, Escherichia coli and salmonella
species are sensitive to pancreatic fluid in-vitro, as determined by Rubinstein et al. [28].
Considering that many bacterial toxins are proteins [29], the proteinases in pancreatic
secretions might also protect against damage caused by intestinal infections. Although in-
vitro studies demonstraied that surface-active bile acids exert a potential inhibitory effect on
micro-organisms [30, 31], in-vivo studies in support of this observation are lacking. As a
result of the combination of gastric acid, bile salts and rapid flow of contents, the small
intestine is relatively sparsely populated by bacteria. Though not very numerous, the
endogenous microflora colonizing the ileal mucosa might still be important in host defense,
considering that many foodborne pathogens mainly elaborate their noxious effects in this
region of the gastrointestinal tract [32],

In contrast to the small intestine, the most important defense mechanism of the colon
is the presence of its luxuriant microflora [24]. Probably due to the slow flow of contents,
the bacterial density is so great that nearly half of the volume of human colon ¢ontents is
accounted for by bacteria [33]. Potential invaders have to compete with this extensive
established bacterial population for nutrients and adhesion sites on the epithelium.
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Figure 2 Host defenses of the gastrointestinal tract

The production of antibacterial substances by the colonic microflora, such as lactic acid,
short-chain fatty acids and bacteriocins, may also inhibit growth of pathogenic bacteria [12,
24]. Several human [34, 35] and animal [36, 37] studies have shown that use of antibiotics,
affecting the endogenous microflora, increases the susceptibility to confract intestinal
infections.

All the above mentioned non-immunoclogical defense mechanisms cooperate with the
gut-associated lymphoid tissue (GALT) in eliminating microbial pathogens. The GALT is a
combination of the Peyer's patches, lymphoid follicles, lymphocytes and mesenteric lymph
node cells [26, 37]. The Peyer's patches in the small intestine are separated from the
intestinal lumen by a single layer of columnar epithelium that includes microfold cells or M
cells (Figure 1). M cells appear to be specialized in antigen uptake. Absorbed antigens are
transported to the basolateral cell membrane and delivered to macrophages and other
antigen-presenting cells. Antigen-presenting cells couple antigen with MHC class II
receptors and activate T cells to secrete cytokines [26]. These cytokines in turn, stimulate B
cells within the Peyer's patches to produce immunoglobulins, especially secretory IgA
(sIgA, Figure 1 part C). sIgA plays an important role in antigen exclusion and bacterial
agglutination, which prevents microbial contact with- and uptake by the intestinal
epithelium [38, 39]. Translocation of bacterial pathogens {or components like endotoxin)
strongly attracts and activates macrophages and neutrophils, which belong to the non-



6 Chapter 1

specific immune system. These phagocytic cells produce a wide variety of cytotoxic
metabolites (oxygen or mitrogen radicals and enzymes) in order to inhibit or kill the
bacterial invader (Figure 1 part C) [40, 41].

Impairment or failure of these host defenses might result in an intestinal infection.
In general, one or more of three basic pathophysiological conditions are necessary for
bacterial translocation to occur. These are: (1) disruption of the ecological balance of the
normal endogenous microflora, resulting in bacterial overgrowth of Gram-negative enteric
bacteria; (2) physical loss of the intestinal mucosal barrier; and (3) impaired host immune
defenses [7].

Composition of the intestinal microflora

The extensive differences that exist between the microfloras of various species,
reported by various research groups, are in part obscured by the sampling and
microbiological methods used and by the convention to describe the flora in terms of a
relatively small number of bacterial genera or groups, neglecting bacterial species. Besides
these shortcomings, some general trends can be observed. Bacterial counts in the proximal
small intestine reflect the number of bacteria surviving the gastric barrier [42]. Probably
due to the slower rate of transit and some bacterial multiplication, bacterial population
levels in the ileum increase to + lOT/g contents in humans and + 1(}3/g in rats (Table 1).
The human and rat colon harbours more than 400 different species in mumbers up to 109/g
contents. As a result of water resorption in the distal colon, viable counts in feces are even

Table 1. Differences in bacterial flora of the ileum, colon and feces of humans and

rats (log,, bacteria per gram wet weight; Table adapted from Drasar BS

[42).

Human rat
ileum colon feces ileun  colon feces

Bacteroides 3-7 7-9 10-11 6-8 7-8 7-10
Eubacteria 5 - 9-10 - - 9-10
Peptococci - - 10 - - 9-10
Bifidobacteria 57 5-7 10 6-8 89 89
Lactobacilli 3-7 3-7 4-6 6-3 8-9 8-9
Clostridia - - 6-9 - 2-6 26
Fusaobacteria - - - - - 9
Enterobacteria 34 6-7 7-8 35 5-7 57
Streptococcei 6 2-7 8 2-6 5-7 58

-: not measured
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higher [42, 43]. It should be noted that the composition of the luminal flora (as measured in
intestinal lavages or feces) may differ from the mucosal flora [44]. In contrast to large
inter-individual variations in gut flora, the composition of major bacterial groups within an
individual remains quite constant in time, even when dietary regimens change drastically
[43]. Whether this is due 1o lack of sensitivity of the classical microbiological techniques
used, will be elucidated in future experiments using specific molecular probes to identify
and quantitate bacterial species.

Role of the gut flora in colonization resistance

The population of bacteria comprising the intestinal microflora continually exerts
strong forces to maintain community stability. A practical effect of these activities is the
exclusion of ingested exogenous bacteria, preventing their attempt to colonize the intestinal
tract from time to time. Potentially pathogenic inhabitants of the gut are suppressed to
harmless levels by the same forces [45]. This barrier formed was called “"colonization
resistance” by Van der Waay and coworkers [46]. Several studies are performed to unravel
which components of the autochtonous intestinal microflora are responsible for this
protection. Administration of more or less selective antibiotics, in order to eliminate
particular bacterial groups of intestinal bacteria, showed that especially the anaerobic flora
determines the colonization resistance to foodborne pathogens and potentially pathogenic
indigenous bacteria [37, 46, 47]. Impairing the colonization resistance by administration of
metronidazole, which eliminates obligate anaerobes, favored the translocation of the
endogenous aerobic flora from the intestinal lumen to the mesenteric lymph nodes and
beyond [37, 47]. However, facultative anaerobic, Gram-negative bacteria play at least some
role in preventing the intestinal colonization and subsequent transiocation of an exogenous
pathogen (such as Saimonella enteritidis), as shown by oral streptomycin administration
[37, 47, 48]. The consequences of reducing the colonization resistance by upsetting the
autochtonous microflora are evident in ctinical practice, considering the high incidence of
antibiotic-associated diarrhea. Particularly, overgrowth of endogencus Clostridium difficile
resutting in pseudomembranous colitis, is a regular occurring severe complication of recent
exposure 10 antimicrobial agents [34].

Several mechanisms are proposed by which the resident microflora inhibits the
establishment of invading bacteria in the intestine. Indigenous bacteria adhere to specific
glycoprotein receptors on intestinal epithelial cells. The resulting barrier of micreflora,
which is firmly attached to the mucosa, prevents contact and colonization by pathogenic
organisms. Mucosal attachment is a prerequisite for successful colonization and possible
transfocation of a pathogen. Without adhesion, bacterial multiplication is inadequate to
compensate for the wash out of bacteria with the flow of intestinal contents [45]. Pathogens
also have to compete with the resident flora for nutrients [45]. Metabolic products of
fermentation, for instance lactic acid and short-chain fatty acids, and the concomitant
decrease in pH and oxidation-reduction potential of intestinai contents are inhibitory for
many intestinal pathogens [22, 45, 49]. Already in the ileum, conjugated bile acids are
hydrolyzed by the indigenous microflora eo their surface-active free counterparts [50]. The
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subsequent flora-mediated dehydroxylation releases even more cytotoxic, secondary bile
acids. Inhibitory effects of bile salts on bacterial growth in-vitro are documented [30, 31,
51]. On the other hand, experimental evidence for the relevance of bile acids for the
resistance to intestinal infections in-vivo is lacking. Only a few human smdies touch lightly
on this subject. Tazume et al, [52] found that infectious diarrhea in humans coincided with
a shift in fecal bile acid profile from the toxic unconjugated secondary bile acids to the less
toxic primary and conjugated bile acids. However, no cause and effect relationship can be
deduced from these results. Williams et al. [53] found that oral administration of a mixture
of conjugated bile acids to human volunteers decreased the number of ileal anaerobes.
However their results were inconsistent, The concentration of ileal bile salts did not
significantly correlate with the number of ileal anaerobes. Moreover, administration of
cholestyramine, which binds and precipitates bile acids, also decreased the anaerobes in the
ileum. Likewise, bactericidal effects of bacteriocins are demonstrated in-vitro but not in-
vivo [54].

The intestinal microflora and inflammation

Inflammatory bowel diseases (IBD), such as ulcerative colitis (involving the colon)
and Crohn's disease (involving the ileum and colon), occur in regions of the intestine
highly colonized by bacteria and their pathology resembles certain bacterial infections.
Despite much effort, no convincing evidence incriminates a single bacterium as the cause.
However, luminal bacteria and their products certainly play an important role in the
exacerbation and recurrence of inflammation, considering that inflammation can hardly be
induced in germfree animals [55, 56]. In addition, human studies showed that inflammation
subsides in sections of the intestine that are operatively excluded from the fecal flow and
that it deteriorates again when intestinal continuity is restored [57, 58]. Both commensal
and pathogenic bacteria produce potent inflaimmatory molecules, including
lipopolysaccharides (LPS or endotoxin), peptidoglycan polymers and N-formylmethionyl
peptides [55]. Normally these strong activators of the immune system stay in the intestinal
lumen. However, patients suffering from IBD have increased mucosal permeability,
allowing uptake of bacteria and their immunogenic products, even during quiescent phases
of the disease [59]. This implies that leakage is a primary abnormality rather than a
secondary result of inflammation. Contact with the autochtonous microflora is necessary for
normal development and maintenance of the intestinal immune system. Duchmann et al.
{60] provided evidence that healthy individuals are tolerant to their own bacterial flora, but
respond to the flora of others. In contrast, breakdown of tolerance to antigens (for instance
LPS) of an individual's own intestinal flora occurs in IBD. Conversely to healthy subjects,
high serum titers of antibodies to commensal bacterial species are observed in IBD patients
[55.56].

Besides a genetic component, an interesting hypothesis regarding the cause of
Crohn's disease is postulated by Demling [61]. The increased incidence of this
inflammatory disease in the last 50 years parallels the increased use of antibiotics in human
and veterinary medicine. Considerations that insufficient doses of antibiotics liberate LPS
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from Gram-negative bacteria, induce bacteria to produce toxins or to invade host tissues
and the observation that prior antibiotic therapy promotes relapses in Crohn's disease,
formed the base for this hypothesis.

IBD is characterized by an overproduction of the pro-inflammatory cytokines IL-1,
I1.-6 and TNFo. Though therapeutic values remain to be established, experimental studies
indicate that the diet can modulate the production of these cytokines and may be of help to
regress the inflammation [62,63]. For instance, increasing the intake of fish oil or (n-3)
fatty acids reduces inflammatory responses, probably by decreasing the production of the
eicosanoids prostaglandin E, and leukotriene B,. These eicosanoids are synthesized from
arachidonic acid by cyclooxygenase and lipoxygenase respectively, and trigger leucocytes
to release IL-1, IL-6 and TNFa. Replacement of arachidonic acid by (n-3) fatty acids in
cell membrane phospholipids results in the production of the biologically less active
prostaglandin E, and levkotriene B, [62]. Besides the type of dietary fat, dietary protein and
antioxidants may also affect the activity of cytokines and the course of IBD [63].

Dietary modulation of the resistance to infection

Diet directly affects the non-immunclogical host defenses of the gastrointestinal
tract, which are particularly important to withstand the first encounter with a pathogen
(Figure 3). It is obvious that the composition of the diet determines the composition of
gastrointestinal contents. The latter affects the survival of pathogenic bacteria in the gastro-
intestinal tract. In addition, intestinal contents may influence the composition and the
activity of the protective endogenous microflora and subsequently their antagonistic activity
towards pathogens. Besides an effect on bacteria, lnminal contents also affect functioning of
the intestinal epitheliurn and its barrier function against invading microbes. Diet also
indirectly affects host defense. For instance, if the habitual diet is deficient in one or more
essential nutrients, normal functioning of all cells, including these belonging to the immune
system, is impaired [64].

Currently, there is a keen scientific and commercial interest in foods containing
specific ingredients that modulate the intestinal microflora and subsequently the resistance
to infection. The majority of these ingredients can be divided in two classes, the so-called
probiotics and prebiotics. Besides these pro- and prebiotics, other dietary components (like
minerals) may influence the course of an intestinal infection as well, These specific
ingredients are discussed below in more detail.

Probiotics

By definition, probiotics are live micro-organisms which beneficially affect the host
by improving its intestinal microbial balance [65]. This rather vague definition evokes
several questions: what is microbial balance and which host functions are beneficially
affected? Though the specific answers to these questions are certainly subject of debate,
some general consensus does exist. Intestinal microbial balance is often associated with the
suppression of putrefactive (protein degrading) and potentially pathogenic bacteria to
harmless levels, and a stimulation of carbohydrate fermenting genera such as lactobacilli
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Figure 3 Dietary modulation of non-immunological host defenses of the intestinal
tract, which determine the severity of an intestinal infection.

and bifidobacteria. Often mentioned benefits to the host upon ingestion of probiotic strains
are reduction of symptoms of lactose intolerance, suppression of bacterial enzymes
responsible for the production of toxic metabolites for the intestinal epithelium,
amelioration of infectious diarrheal diseases and stimulation of the immune system [65-67].
Lactobacilli and bifidobacteria are the genera most frequently studied in probiotic research.
However, these two genera are also normal residents of the intestinal tract of the majority
of humans [42]). This implies that ingested probiotic strains have some health-promoting
characteristics that the resident lactic acid bacteria lack and that they are able to compete
sufficiently with the resident flora for the expression of these beneficial attributes [65].
Many investigations have shown that lactobacilli may exert antagonistic activity
against intestinal and foodborne pathogens. In-vitro growth of pathogens, like Escherichia
coli, salmonella, campylobacter, listeria, shigella and Vibrio cholerae, is inhibited in the
presence of lactobacilli or bifidobacteria [68-70]. Administration of lactobacilli to rodents
reduced the severity of a Salmoneila typhimurium [68, 71} and shigella [72] infection, as
measured by delayed or reduced mortality and fecal shedding of these pathogens. In a
murine model, lactobacilli prevented Helicobacter pylori infection of the stomach [73]. A
number of clinical studies showed that ingestion of lactobacilli resulted in shortening of the
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duration of antibiotic-associated diarrhea [74], the prevention of recurrent relapses of
Clostridium difficile colitis [75], amelioration of shigella infections [76] and acute rotavirus
enteritis [77] in children. Consumption of formula supplemented with bifidobacteria also
reduced the incidence of diarrhea and rotavirus shedding in hospitalized infants [78].
Though the protective effects observed in human intervention trials are often small and
interpretation of results is sometimes hampered due to the inclusion of inappropriate control
groups, they certainly justify the effort currently spend on probiotic research.

Several mechanisms are proposed for the improvement of the resistance to intestinal
infections by lactobacilli or bifidobacteria. As shown in in-vitro experiments, the inhibitory
action may result from competition for nutrients and adhesion sites on the intestinal
epithelium [68, 79]. Lactic acid and acetic acid produced during bacterial metabolism
inhibit the growth of many bacteria, including Gram-negative pathogens [80]. While
lowering of the pH of intestinal contents is certainly a factor in such inhibitions, lower pH
values also potentiate the bactericidal activity of these organic acids. Neutral, protonated
organic acids traverse the bacterial cell membrane, accumulate iniracellular due to
dissociation, and subsequently disturb the bacterial cell membrane potential [81]. In
addition to these organic acids, the production of hydrogen peroxide and bacteriocin-like
compounds may also play a role in the antagonistic activity of lactobacilli [67], though their
in-vivo relevance has not been demonstrated yet.

Lactobacilli are also reported to affect the immune response. First, consumption of
lactic acid bacteria may stimulate the aspecific cell-mediated immune system, as measured
by an enhanced proliferation and phagocytic acitivity of lymphocytes of rodents [71, 82]
and humans [83]. Second, lactobacilli also stimulate the specific humoral immune response.
For example, animal studies showed increased antibody titers against salmonella [71] and
shigella [72] upon administration of lactobacilli. In addition, treatment of rotavirus-infected
children with lactobacillus GG was associated with an enhancement of serurn antibody-
secreting cells and specific IgA against rotavirus at convalescence [84]. Furthermore,
human volunteers consuming fermented miik containing L. acidophilus had significantly
higher serum antibody titers against an orally administered attenuated Salmonella typhi
strain [85].

It is not clear yet, how lactobacilli gain access to the host immune system.
Lactobacilli may stimulate the immune system without leaving their luminal habitat, since it
is now recognized that enterocytes are immunocompetent cells and produce cytokines
involved in immuno-regulation [86]. It is also possible that lactobacilli (or their cell wall
components) are sampled by M cells of the Peyer’s patches of the distal small intestine [65,
87]. At present, intestinal inflammation or even translocation can not be excluded as the
base for the observed immuno-stimulation by lactobacilli. Indeed, serum antibodies (IgM
and 1g() against lactobacilli can be detected in healthy human subjects, whereas antibodies
reactive with bifidobacteria are absent [§7]. Additionally, the effects of lactobacilli on
immune parameters in animal infection experiments do not always correlate with an
indisputable functional parameter as mortality [71]. Therefore, at least some caution is
warranted to interpret probiotic-induced immune stimulation as an always beneficial effect.
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Prebiotics: dietary fibers and non-digestible gligosaccharides
Most of the predominant species of the intestinal microflora require a fermentable

carbohydrate for growth. It is generally assumed that the carbon and energy needed to
maintain bacterial mass are derived from host secretions or from dietary carbohydrates (or
other compenents) that escape digestion in the small intestine. Mucins, extensively
glycosylated proteins secreted by goblet cells, might be excellent endogenous bacterial
growth substrates [88]. Dietary fibers (vegetable polysaccharides) and oligosaccharides are
also more or less fermented in the intestinal tract, depending on their sugar composition,
type of glycosidic linkages and degree of branching. Dietary fibers are essential for
maintenance of intestinal mucosal integrity, which can be deduced from animal [89] and
human [90] stmdies showing that oral administration of fiber-free elemental liguid diets
induces spontaneous translocation of the gut microftora. Some say that the protective effects
of fiber on the mucosal barrier function are independent of their fermentability and are
mediated by stimulating the release of trophic gut hormones, preventing mucosal atrophy
[91, 92]. By definition, prebiotics are fermented by the endogenous microflora in contrast
to the non- or low-fermentable dietary fibers (for instance lignin and cellulose). Selective
stimulation of the growth or activity of a limited number of resident bacteria and
improvement of the host health are often mentioned criteria a prebiotic shoutd meet [93,
94]. Polysaccharides like inulin, pectin, resistant starch and guar gum, and oligosaccharides
based on galactose, fructose, and xylose are potential prebiotics [93].

A characteristic all the above mentioned potential prebiotics share is that they are
fermented by the intestinal microflora in the lower gut to lactic acid and short-chain (C,-Cy)
fatty acids, resulting in a decreased pH of luminal contents [93, 95]. Consumption of
prebiotics may change the composition of the intestinal microflora. For instance, dietary
inulin and fructosyloligosaccharides may increase fecal bifidobacteria counts of rodents and
humans [95-98]. Whether the in-vivo growth advantage of bifidobacteria is due to selective
utilisation of these non-digestible sugars by this genera or due to their relative resistance to
the organic acids formed is not established yet. The latter explanation seems more likely,
considering that other genera (for instance bacteroides) can also degrade
fructosyloligosaccharides in-vitro [93]. Moreover, increasing the number of bifodobacteria
or inducing a change in gut flora composition as such, is not directly a functional effect nor
a direct health advantage. The intestinal effects of oligosaccharides might depend on their
composition and structure, In contrast to the above mentioned bifidogenic effect of inulin
and fructosyloligosaccharides, no change in the composition of the fecal microflora was
observed in a recently performed, placebo-controlled human study with galactosyl-
oligosaccharides in doses up to 15 g/d (Alles MS, personal communication).

One of the benefits to be gained by the host upon consumption of non-digestible
food ingredients is an improved resistance to intestinal infections. During fermentation of
dictary fiber or non-digestible oligosaccharides, the organic acids generated and the
concomitant drop in luminal pH may Kill or inhibit the growth of acid-sensitive pathogens
like salmonella, Escherichia coli, Vibrio cholerae and Clostridium difficile, as shown in-
vitro [99, 100]. Surprisingly, data showing the efficacy of fermentable dietary fibers to
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reduce the severity of intestinal infections in strictly controlled in-vivo experiments are
rare. Lactulose therapy has been investigated in the management of salmonella and shigella
infections in humans. This non-digestible disaccharide increased fecal clearance of
salmonella and shigella in a significant proportion of the patients [101, 102]. Studies on
inflammatory bowel diseases have shown that short-chain fatty acids are important for
normal functioning of the intestinal epithelium and the maintenance of the mucosal barrier
function [103]. Though the etiology and pathology of inflammatory bowel diseases are
certainly different from an intestinal bacterial infection, gut bacteria play a crucial role in
the mucosal inflammation [55, 56]. Increasing intestinal fermentation by supplementing the
diet with lactulose or pectin reduced the severity of chemical-induced enterocolitis in
rodents, with concomitantly decreased serum endotoxin levels and translocation of
endogenous bacteria {104, 105]. Short-chain fatty acids or butyrate enemas also ameliorate
the inflammatory process in patients suffering from wulcerative colitis and pouchitis [105,
106]). Short-chain fatty acids, and butyrate in particular, are normal substrates for energy
production of intestinal epithelial cells. The prevailing hypothesis is that stimulation of
intestinal fermentation replenishes the frequently observed low luminal concentrations of
short-chain fatty acids or overcomes the impaired 8-oxidation of butyrate of enterocytes in
inflammatory bowel disease patients [106]. Notwithstanding the beneficial effects of
fermentable dietary fibers on intestinal physiology, some restraint should be applied in
increasing the intake of non-digestible oligo- or polysaccharides. High concentrations of
short-chain fatty acids may damage the intestinal epithelium, resulting in an increased
permeability and epithelial cell proliferation [107-109].

Besides stimulation of intestinal fermentation, soluble oligosaccharides might also
improve the colonization resistance by decreasing adhesion of pathogens to the gut mucosa.
Many pathogenic bacteria use (glyco)proteins (called variously adhesins, fimbriae, lectins
or hemaglutinins) to attach to carbohydrate structures expressed on epithelial cells.
Competitive inhibition by oligosaccharides of this lock-and-key interaction may decrease
attachment of pathogens to the mucosa and prevent the crucial step in the initiation of an
infection [110]. For instance, a-methyl-D-mannoside injected into the urine bladder of mice
significantly decreased the extent of bacteriuria caused by mannose-sensitive, type-1-
fimbriated Escherichia coli. Glucoside derivatives were ineffective [111]. The addition of
D-mannose to drinking water reduced the incidence and extent of Salmonella typhimurium
colonization of young chickens [112]. Additionally, diarrhea-causing enterotoxins produced
by many pathogenic bacteria also recognize carbohydrate structures on epithelial cells. As
an example, cholera toxin B recognizes monosialoganglioside 1 on the cell surface.
Sialyllactose could irhibit the cholera toxin-induced fluid accumulation in a rabbit intestinal
loop model. Neither sialic acid nor lactose was effective, demonstrating the specificity of
the interaction [113]. The membrane-associated lectins of bacteria differ per strain and the
glycoproteins expressed on epithelial cells are highly species specific [114]. Based on this
mechanism, the application of oligosaccharides to increase the resistance to infection is
limited, unless a cocktail of inhibitors is used. In contrast, the above-mentioned stimulation
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of intestinal fermentation by dietary oligo- or polysaccharides has a more general effect,
because protection against several acid-sensitive pathogens might be expected.

Minerals

Very little is known about the effects of dietary minerals on the course of an
infection. Only data about the role of iron and zinc are reported. Individuals with iron-
overload, whether induced by excess dietary iron intake or due to diseases like B-
thalassaemia major and sickle cell disease, are more susceptible to infection {115]. Iron is
essential for bacterial growth and may increase oxidative damage to host membranes or
DNA during inflammation, as it is a catalyst in the production of hydroxyl radicals [116].
The observed drop in plasma iron levels during infectious diseases, the so-called anemia of
infection, is a protective response of the body to combat the infection and to limit oxidative
damage [117, 118]. On the other hand, there is also evidence that severe iron deficiency is
associated with an increased incidence of infections [115]. Iron deficiency compremises
host resistance by suppressing the cellular immune response [119].

Zinc is a cofactor of about 120 enzymes of mammals. Zinc deficiency has a
pronounced effect on nucleic acid metabolism, thus influencing protein synthesis and cell
growth. Furthermore, an inadequate zinc intake is associated with an impaired immune
function [120]. Zinc supplementation can reduce the incidence and prevalence of acute
infectious diarrhea [121] and reverse the increased intestinal permeability during shigellosis
[122] in children with a marginal or deficient zinc status. Besides restoration of immune
cell functioning, normalization of intestinal epithelial cell proliferation and strengthening of
the mucosal barrier might be responsible for the observed beneficial effects of zinc
supplementation.

The effects of calcium on the resistance to intestinal infections are unknown. At the
same time, evidence accumulates showing the protective effects of dietary calcium on the
development of colorectal cancer [123, 124]. A substantial amount of dietary calcium
reaches the lower gut because the intestinal absorption of calcium is limited [125]. Calcium
forms and insoluble complex with phosphate, which strongly adsorbs and precipitates
intestinal surfactants, like bile acids and fatty acids [126]. Bile acids and fatty acids are
damaging to the intestinal epithelium and stimulate epithelial cell proliferation [127], which
may increase the risk of colon cancer [128]. It can be speculated that these cytoprotective
effects of dietary calcium on the intestinal epitheliom are not only relevant to colon
carcinogenesis but also have major implications for the resistance to intestinal infections.
Diminishing epitheliolysis, by decreasing the cytotoxicity of gut content, might strengthen
the mucosal integrity. Conversely, increased epithelial cell damage provoked by dietary
lectins [129], chemical irritants [130] or ischemia/reperfusion [131] leads to disruption of
the physical barrier function of the intestinal mucosa and gut-derived septicemia.

Besides the above mentioned proposed effect of dietary calcium on the mucosal
barrier function, calciuvm may directly affect pathogens or the endogenous microflora. For
instance, the in-vitro expression of some virulence genes of pathogenic bacteria is
decreased by extracellular calcium [132]. Additionally, calcium facilitates the adhesion of
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dietary calcium phosphate
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Figure 4 Hypothetical mechanism by which dietary calcium phosphate may decrease
the severity of an intestinal infection.

lactobacilli to intestinal epithelial cell lines [133]. However, these results are not verified
in-vivo and their relevance for the resistance to intestinal infections is yet unknown. By
precipitating and thus inactivating intestinal bile acids, calcium may also indirectly affect
the intestinal microflora. Bile is a classical supplement used in the preparation of several
selective microbiological culture media to suppress contaminating flora. This indicates that
bacterial species differ in their sensitivity to bile acids, at least in-vitro. In the seventies,
Floch et al. [134, 135] reported that bile acids were especially inhibitory to anaerobes and
Gram-positive aerobes, whereas Gram-negative bacteria were rather insensitive in-vitro. He
also noticed that certain strains deconjugate bile acids, subsegquently resulting in an
inhibition of that particular bacterial strain. He postulated that bile acids may control
bacterial populations in the intestinal tract and that bile acids are part of an autoregulatory
system in which individual bacteria may control their own population. The restraining
effect of bile in general on the intestinal microflora can be deduced from in-vivo studies on
obstructive jaundice. A reduced or absent bile flow results in intestinal bacterial overgrowth
and an increased risk for endotoxemia and septic complications. Oral administration of bile
acids can normalize intestinal bacterial numbers and alleviate some of the symptoms in such
cases [136]. In conclusion, only scattered data, mostly obtained from in-vitro experiments,
indicate an effect of calcium or bhile acids on bacteria. At present, no well-controlled studies
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arc available showing the effect of diet-induced changes in the intestinal bile acid
concentration on intestinal ecology and its consequences for the resistance to invading
pathogens.

Scope and outline of this thesis

As mentioned above and outlined in Figure 3, diet may modulate the resistance to
intestinal infections by affecting the gastrointestinal killing of a pathogen, the protective
endogenous microflora and the mucosal barrier function. Though, the importance of these
three determinants of resistance is generally recognized, strictly controlled in-vivo
experiments showing the impact of the diet on the severity or the course of a foodborne
intestinal infection are lacking. This thesis mainly focuses on the possible protective effects
of dietary calcium on the resistance to intestinal infections. The emphasis is laid upon the
mechanism by which calcium may improve the resistance to intestinal infections. The
hypothesis concerning this mechanism is outlined in Figure 4. Considering that only
circumstantial evidence is present in literature, the performance of human studies is
ethically not justified in this phase. Therefore, strictly controlled infection experiments
were performed with rats. Salmonella enteritidis was chosen as the infective agent, because
non-typhoidal salmonellosis is one of the most common, foodborne, bacterial infections in
Europe and the United States [137]. Equally important, the development and pathology of
salmonellosis in humans and rodents is largely similar and well-described in literature
[138]. Because 5. enteriridis has invasive properties, dietary modulation of the resistance to
intestinal bacterial translocation could be studied in addition to modulation of the
colonization resistance.

The first study described in this thesis concerns the development of a new method to
determine intestinal bacterial translocation because classical organ cultures suffer from
some major drawbacks. Bacteriological determination of pathogens in tissue samples is
invasive, laborious, rather imsensitive and only applicable as a one-point measurement.
Therefore, it was evaluated whether daily nitric oxide-derived urinary nitrate excretion
could be used to quantitate intestinal bacterial translocation {chapter 2). Second, the effect
of different (fermented) milk products on the colonization resistance of rats to S. enteritidis
was studied. Diet-induced as well as infection-induced changes in intestinal physiology
were measured (chapter 3). Subsequently, a strictly controlled infection experiment was
performed with rats consuming purified diets differing only in calcium phosphate. The
effects of supplemental calcium phosphate on the translocation and colonization resistance
were studied. In addition, several fecal bacterial mass markers were analyzed to verify the
proposed stimulating effect of calcium phosphate on the endogenous microflora (chapter 4).
The main purpose of the next study was to test whether supplemental calcium phosphate
adds to the potential beneficial effect of lactulose fermentation on a salmonella infection in
rats (chapter 5). The final study is an extension of the experiment described in chapter 4
and adresses the question whether a calcium phosphate-induced decrease in intestinal
surfactants affects the intestinal lactobacilli and changes the resistance of rats to salmonella.
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Special attention was given to the ileal flora, because this is the most relevant part of the
intestinal tract in salmoneltosis (chapter 6).

The thesis is closed with a summary and concluding remarks {chapter 7).
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