@ The American Journal of Clinical Nutrition

Special Article

The intestine and its microflora are partners for the protection of
the host: report on the Danone Symposium “The Intelligent
Intestine,” held in Paris, June 14, 20022

Pierre Bourlioux, Berthold Koletzko, Francisco Guarner, and Véronique Braesco

ABSTRACT The intestine is an extremely complex living
system that participates in the protection of the host through a
strong defense against aggressions from the external environment.
This defensive task is based on 3 constituents that are in perma-
nent contact and dialog with each other: the microflora, mucosal
barrier, and local immune system. We review herein current
knowledge about these important functions. The gut microflora
play a major role against exogenous bacteria through colonization
resistance, but the mechanism of action is not yet established,
although it is linked to the bacteria colonizing the gut. This colo-
nization involves bacteria-bacteria dialog, bacteria-mucins inter-
actions, and bacteria-colonocytes cross-talk associated with envi-
ronmental factors. The intestinal mucosa is a cellular barrier and
the main site of interaction with foreign substances and exoge-
nous microorganisms. It is a complex physicochemical structure
consisting of a mucous layer linked to cellular and stromal com-
ponents that participate in the defense of the host through mucosal
blood flow, mucosal secretions, epithelial cell functionals, surface
hydrophobicity, and defensin production. The intestine is the pri-
mary immune organ of the body represented by the gut-associ-
ated lymphoid tissue through innate and acquired immunity.
This immune system can tolerate dietary antigens and the gut-
colonizing bacteria and recognizes and rejects enteropathogenic
microorganisms that may challenge the body’s defenses. In coop-
eration with these endogenous barriers, some in-transit bacteria,
such as probiotics, can act as partners of the defense system of the
intestine. Am J Clin Nutr 2003;78:675-83.
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INTRODUCTION

Consider Alfred Binet’s definition of intelligence, given at the
end of the 19th century: “intelligence is the range of processes
involved in adapting to the environment.” If the intestine is con-
sidered “intelligent,” it means that it must be able to send, receive,
and understand messages. How does the gut do this?

The intestine is an extremely complex ecosystem composed of
3 main components that are permanently in contact and interact
with each other: host cells, nutrients, and microflora. Microflora

are an important living biomass that plays various physiologic
roles in the host, in partnership with the other components.
Intestinal functions include the well-known processes that lead
to the digestion of food, the absorption of nutrients, and a series
of activities aimed at establishing a strong defense against aggres-
sions from the external environment. This important defensive task
of the intestine is based on 3 essential constituents: the microflora,
the mucosal barrier, and the local immune system (ie, the gut-
associated lymphoid tissue; GALT) as represented in Figure 1.

WHAT ROLE DOES THE NORMAL MICROFLORA
PLAY IN THE BODY’S DEFENSE SYSTEM?

First, it should be understood that the microflora in the adult
human body consist of an enormous biomass of > 100 000 billion
bacteria of >400 different species, which generate intense meta-
bolic activity, mainly in the colon, and play an important physio-
logic role in the host (1). However, because they have a variety of
physiologic conditions to contend with in the different sections of
the gastrointestinal tract, the bacteria are not evenly distributed
throughout it.

There is a very low population of bacteria in the stomach
because it is highly acidic (pH of =1), and the acidity destroys
almost all of the bacteria that pass through it. Nonetheless, gas-
tric emptying allows many bacteria to survive and pass through
the pyloric sphincter into the duodenum. Consequently, only a
limited number of live bacteria reach the duodenum. When they
arrive in this neutral (pH of =~7) environment, they are subject to
attacks from bile salts and pancreatic secretions.

Bacteria that can resist this type of attack significantly increase
in number by the time they reach the jejunum and cross the ileo-
cecal valve to reach the colon (2). At this point, the magnitude of
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FIGURE 1. Natural defenses of the gut.

the transit times through the various sections of the intestine
should be noted.

In healthy persons, the transit time from mouth to anus is
between 55 and 72 h, of which 4-6 h is from the mouth to the
cecum and 54-56 h is in the colon (3). It is understood that the
short transit time through the small intestine does not allow bac-
terial growth, whereas, in the colon, the much longer transit time
(among other factors) enables bacteria to reach considerable pop-
ulation levels [=10''-10'? colony forming units (CFU)/g].

The population consists of predominant bacteria (> 10° CFU/g),
subdominant bacteria (between 10°and 10° CFU/g)—also called
repressed bacteria, which are the endogenous or resident gut
flora—and bacteria in transit (< 10 CFU/g). Depending on the
number of bacteria ingested, the transit bacteria will be present in
greater or lesser numbers. Most of the bacteria that manage to
cross the barriers of the stomach and the small intestine will be
alive and metabolically active. Some of these bacteria are useful
to the host, such as bacteria of the genera Bifidobacterium and
Lactobacillus. Other bacteria, to the contrary, are potentially path-
ogenic and can be dangerous to the host (4; Figure 2).
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FIGURE 2. Potentially harmful and potentially beneficial bacteria.
P., Pseudomonas; E., Escherichia.

What constitutes the normal flora?

The normal flora are an exceedingly complex equilibrium
between the microorganisms that normally reside in the gastroin-
testinal tract, which play an important role in nutrition, physiol-
ogy, and the regulation of the host’s immune system. The equi-
librium of the normal flora is now believed to vary from person to
person. Although it is easy to identify the genus of bacteria in the
normal flora and to compare bacterial populations between per-
sons, it is very difficult to identify and thus to compare the popu-
lations of species or strains within the species.

Additional research using specific probes to identify the
species, and possibly the strain, of bacteria is required to further
elucidate the complex ecosystem that has such a vital role to play
in humans. The species that make up the intestinal flora do not all
have the same effects on the host’s physiology, and the optimum
effect is very closely linked to the qualitative and quantitative
composition, in other words, the equilibrium. If the equilibrium
is good, the host enjoys optimum conditions. If the equilibrium is
disturbed, the conditions will be disturbed as well (5).

How do the bacteria proliferate?

A bacterium requires energy-giving nutrients to grow and
reproduce. What nutrients does a bacterium find in the various
portions of the gastrointestinal tract? Clearly, bacteria do not mul-
tiply in the stomach and multiple to only a small extent in the
small intestine, mainly because of the short transit time and phys-
iologic barriers.

When bacteria reach the colon, they have access to the nutri-
ents they require to proliferate. The nutrients include all the food
eaten but not absorbed by the host that has crossed the ileocecal
valve (fiber and indigestible sugars), materials from the host
(mucus and dead cells), and metabolites coming from bacterial
enzyme activity—particularly carbohydrate digestion. The con-
tact between bacteria and food in the colon causes fermentation,
which produces numerous metabolites, which vary depending on
the substrates available.

If the substrate is a carbohydrate, local production of short-
chain fatty acids will occur, mainly giving rise to acetic, propi-
onic, and butyric acids, which are responsible for physiologic
effects in the host. In particular, the acids affect colonic metabo-
lism, the hepatic regulation of lipids and sugars, and the supply of
energy to cells (eg, butyric acid is an energy substrate for colono-
cytes) (6). Other beneficial effects include lipid hydrolysis, protein
breakdown (which produces peptides and amino acids), and vita-
min production. However, the fact that proliferating bacteria can
also induce adverse effects should not be overlooked. Such effects
include the production of potentially carcinogenic substances and
toxic metabolites and the inactivation of certain drugs (7).

Are the intestinal microflora necessary for the host?

No, they are not. Germ-free animals exist and survive without any
bacterial contamination; however, humans do not live in a sterile
world. The presence of an appropriate intestinal microbial flora in the
human body plays a very important protective role. Moreover, the
comparison of germ-free animals with healthy animals shows signi-
ficant differences that are related to the presence of the microflora. In
germ-free animals, the cecum is markedly distended and the mucosa
is much thinner. When such animals are administered normal flora,
their condition and the anatomy of the cecum return to normal (8, 9).

Histologic findings show that the mitotic index and cell
turnover rate are significantly lower in animals devoid of flora. In
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FIGURE 3. Simplified structures of glycoconjugates (M Freitas, PhD The-
sis, 2001). GlcNAc, N-acetylglucosamine; NeuNAc, N-acetylneuraminic acid.

addition, intestinal transit times are prolonged when the
microflora are absent. Moreover, anaerobic bacteria in the flora
produce short-chain fatty acids, particularly butyric acid, which
is used as an energy substrate by colonocytes (8).

How is the intestinal tract of newborn babies colonized and
what mechanisms are involved?

Infants are born with a practically sterile gut, which is quickly
colonized. The predominant source for initial colonization is
maternal flora, followed by environmental flora. During the first
12-24 h of extrauterine life, the first colonizing bacteria appear:
Escherichia coli and Enterococcus sp. Subsequently, obligate
anaerobes appear very rapidly. The latter mainly consist of Bifi-
dobacterium sp., together with some Bacteroides sp. if the baby is
breastfed. In babies fed formula milk, the opposite occurs: Bac-
teroides sp. predominate and are accompanied by some Bifi-
dobacterium sp. The infantile flora evolve toward a normal adult
flora over the first 24 mo of life, but the time course depends on
the infant’s diet (9, 10).

How can colonization be explained?

The best way to proceed is to analyze what happens when bac-
teria come into contact with the host’s tissues. This is undoubt-
edly the first type of interaction or communication between the
various partners in the intestine.

A protective layer of mucus is found on the surface of all the
body’s mucous membranes. Mucus is continuously produced by
cells. There are 2 types of mucus in the intestine: /) an insoluble
gel, which adheres strongly to the cells; and 2) a viscous layer,
which is soluble in water, and covers the gel.

Mucus is made up of mucins, ie, native glycoproteins whose
structure forms the gel. The latter traps bacteria by using a spe-
cific mechanism or simply because of its nature. Carbohydrates
constitute the polysaccharide components of mucins. Only 5 dif-
ferent types of carbohydrate are involved: galactose, fucose,
N-acetylglucosamine, N-acetylgalactosamine, and sialic acids.
However, these carbohydrates combine to form a large number of
different structures by linking in various ways. The polysaccha-
ride structures come into direct contact with the bacteria and are
now known to play an important role in cell-cell recognition
processes (11).

Two simplified mucin structures are shown in Figure 3. The struc-
ture of a glycoconjugate bound to the protein core by an oxygen

bond and various configurations is shown in the left panel; the box
contains a potential adhesion site for certain species. This type of
structure is typical of free mucins. The panel on the right shows
another type of glycoconjugate that occurs on the surface of the cell
membrane. In this type of conjugate, the bond to the protein core is
a nitrogen bond and another sugar—mannose—is also present.

The intestinal lumen is literally lined with carbohydrates. Thus,
there is an incredibly wide repertoire of potential adhesion sites
for bacteria with extra surface structures called adhesins when
they come into contact with them. This repertoire of adhesion sites
is genetically controlled by the host; therefore, the host’s genome
controls the behavior of the intestinal microflora, principally bac-
terial adhesion.

Bacterial adhesion occurs first and foremost at the mucin sites
that act as soluble or insoluble layers. Under normal conditions,
adhesion to cells does not occur. This has been confirmed by a
whole series of experiments that show that the normal flora always
remain on the surface of the mucus, at the entrances of the villi,
but never inside the crypts.

Is there a regulatory mechanism for the repertoire of
adhesion sites?

Initially, in neonates, the repertoire is genetically coded and is
thus an “innate repertoire.” However, as floral colonization of the
gastrointestinal tract progresses, partial or total deterioration of
the structures occurs over time, under the action of bacterial gly-
cosidases (12), until the adult repertoire emerges. Thus, the first
bacteria to colonize the neonate’s gastrointestinal tract depends
on the innate repertoire, which varies depending on the individ-
ual person’s genome. However, if the initial bacteria are endowed
with glycolytic potential, the repertoire evolves and new species
bind to the mucins as new sites appear. For that reason, every per-
son has his or her own intestinal flora.

Another regulation process, cross-talk (ie, dialogue between the
bacteria and host), was also recently demonstrated. Hooper and
Gordon (13) showed that resident bacterial flora send messages to
host cells. The messages interfere with the expression or activity
of cell glycosyltransferases, which induces changes in the carbo-
hydrate repertoire of mucins. If the new sites allow nonpathogenic
bacteria to adhere, the effect may be considered beneficial for the
host. In contrast, the effect will be detrimental if enteropathogenic
bacteria can adhere to the sites.

There are still many unknowns in this area, and a considerable
amount of microbiological, cellular, and molecular biological
research remains to be done. As a result, a new discipline emerged
a few years ago—cellular microbiology. Many key issues have yet
to be resolved: the nature of the signal, the mechanism of action,
the number of bacteria needed to establish cross-talk, and the
influence of other bacteria and secretions.

Behavior of bacteria within the ecosystem

Given the number of bacteria present in the colon and the exis-
tence of dominant and subdominant bacteria, it is obvious that
interactions must occur within the bacterial community. Much less
is known about the interactions occurring during communication
between bacteria; however, some evidence is available. The abil-
ity of a bacterium to communicate with its environment and, in par-
ticular, other bacteria is known as “quorum sensing” (14). This abil-
ity could be beneficial for the bacteria that produce the signal and
could have important consequences concerning, for example, the
competition for nutrients or the production of antibiotic molecules.
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FIGURE 4. Factors influencing colonization.

Communication is based on the production of a signal mole-
cule by certain species. The signal molecule is released into the
environment. The more the bacteria proliferate, the greater the
number of signals released, up to a threshold. If the signal mole-
cule targets a gene regulation system in the receptive bacteria and
if the cofactors are active, then the regulation system responds by
activating, repressing, or derepressing a gene (14).

Different types of signals have been described and there are
several types of molecules involved in bacterial signaling. The
most extensively characterized molecule that occurs in gram-neg-
ative bacteria is N-acylhomoserine lactone. Numerous other exam-
ples exist, such as the pheromone peptides found in gram-positive
bacteria or the proteins produced by genes belonging to the Lux S.
family, which appear to be produced by both gram-positive and
gram-negative bacteria (14). Currently, it seems perfectly possi-
ble for a given bacterium to use several signal molecules belong-
ing to the same or different chemical classes to communicate with
other bacteria.

Functions contributing to the body’s defense mechanisms

It is now well established that one of the essential functions of
the colonic microflora is its ability to resist colonization by any
new strain of bacteria from the exterior. This applies to both
pathogenic and nonpathogenic bacteria. Given the complexity of
the intestinal ecosystem, the mechanisms have yet to be fully
elucidated. Several mechanisms appear to be involved and to act
separately, sequentially, or together (15) and include /) exhaus-
tion or competition for the same substrate; 2) competition for
mucin adhesion receptor sites; 3) production of a physiologically
restrictive environment, for instance, with respect to pH, redox
potential, hydrogen sulfide production, or production of metabo-
lites toxic to other bacteria; 4) in vivo production of antibiotic
substances such as bacteriocins, provided that they are not
destroyed by intestinal secretions; and 5) production of a signal
molecule that acts on the genes encoding for survival. This
mechanism has yet to be investigated but has considerable poten-
tial given the research conducted on quorum sensing and on
sequencing bacterial genomes.

Factors influencing colonization

A vast number of factors influence colonization. Only a few of
these factors will be addressed (Figure 4). First, the effects of

breastfeeding and feeding infants with formula milk on the com-
position of the infantile flora are to be noted (16). It is now a
firmly established fact that the flora of breastfed neonates, unlike
the flora of infants who are being fed formula milk, are quickly
dominated by bifidobacteria, in contrast with that of infants fed
formula milk. In breastfed infants, the flora are not only much
richer in bifidobacteria but they also include far fewer species
liable to be pathogenic.

An age-related effect can be observed. The composition of the
flora evolves over time, depending on the diet that the infants
receive, until it resembles the flora of adults. As the body ages,
other significant changes also occur. In particular, there is a con-
siderable increase in the proportion of Bacteroides sp. and a
decrease in lactic acid bacteria. Some authors maintain that this
modification could, in part, be due to a partial or total loss of the
gastric acid barrier (5).

The effect of diet on the intestinal flora is much more difficult
to study in humans than in feces. However, studies of ileostomy
effluents have shown that an increase in dietary fiber induces an
increase in a whole range of bacterial species. An increase in fat
induces an increase in nonsporulating anaerobic bacteria and a
decrease in lactic acid bacteria. An increase in protein induces an
increase in lactic acid bacteria (17, 18).

The most spectacular effects of diet on flora are obtained by
using substrates that are specific to a certain genus or species. For
instance, if fructooligosaccharides, which are specifically used by
Bifidus bacteria, are added to the diet, there is a very marked
increase in the concentrations of Bifidobacterium and a corre-
sponding decrease in Bacteroides (19). Such substrates, also
known as prebiotics, thus modify the composition of the intes-
tinal flora.

Antibiotic intake is associated with impairment of the flora, of
variable severity, often resulting in loose stools or diarrhea. Pro-
biotic intake also influences the flora, which is considered in more
detail below.

WHAT ROLE DOES THE MUCOSAL BARRIER PLAY IN
THE BODY’S DEFENSES?

The intestinal mucosa has a very large surface area (>300 m?),
which constitutes the main interface with the external environment of
humans. This interface is perfectly adapted to the primary function of
the intestine—the digestion of food and the absorption of nutrients.
However, the intestinal mucosa is also a major site of interaction with
foreign substances and microorganisms from the external environment.
A large variety of bacterial populations, including potentially patho-
genic microorganisms and their products, and a marked concentration
of endogenous and exogenous toxins (eg, bile acid conjugates and
genotoxic compounds) constantly challenge the structure and function
of the mucosal surface, particularly in the colon, because, as already
indicated, the slow motility patterns of that organ allow bacterial pro-
liferation to high densities and intense lumen-mucosal interactions.

What is the mucosal barrier?

The mucosal barrier is a complex physicochemical structure
that separates the tissues from the luminal environment. Physi-
cally, the barrier consists of cellular and stromal components—
from the vascular endothelium to the epithelial cell lining—and
the mucous layer, a gel formed by the interaction of various
mucosal secretions, including mucin glycoproteins, trefoil pep-
tides, and surfactant phospholipids (20-22).
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