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Introduction

Probiotics attracted great interest throughout the last
decade. A keyword search for ‘probiotic or lactic acid
bacteria’ in the PubMed database reveals more than 3000
papers during the last 10 years and more than 400 papers
in 2001. The aim of the present review is to update stud-
ies concerning the use of probiotics in treating gastroin-
testinal diseases as well as to highlight more recently un-
derstood effects of lactic acid bacteria, especially their
participation in the maintenance of intestinal homeostasis
and the regulation of adapted immune responses to envi-
ronmental antigens.
One hundred years ago, Elie Metchnikoff was the first to
stress the importance of intestinal lactobacilli in mi-
croflora in maintaining health and longevity [1]. The term
‘probiotic’ has been popularized by R. Fuller [2], and is
defined as a live microbial feed supplement which bene-
ficially affects the host by improving its intestinal micro-
bial balance. This definition was later extended to include
other beneficial effects such as immunomodulation.
Part of the beneficial effects of probiotic bacteria is likely
related to the observation that a commensal microflora is
necessary for the establishment of oral tolerance to food
antigens [3] and participates in the maintenance of a mi-
crobial barrier facilitating the elimination of pathogenic
organisms from the digestive tract. For a long time, based
on empirical practice and later on scientific observations,
live microbial supplementation (yogurt, fermented milk,
bacterial lyophilizates, and more recently, infant formula,
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unfermented milk, juices or candy) have been proposed
to control various digestive or extra-digestive diseases. In
parallel, nutrient factors defined as prebiotics and favor-
ing the development of a specific flora (such as growth-
promoting bifidus factors consisting of various oligosac-
charides) have also been used as an additional strategy. In
breast-fed infants, oligosaccharides such as N-acetyl-glu-
cosamine-containing oligosaccharides present in human
milk represent the main source of carbon and energy for
intestinal bacteria and promote the growth of bifidobac-
teria. Based on these observations, infant formulas con-
taining a mixture of undigestible short-chain oligosac-
charides conferring bifidogenic properties have been de-
veloped. A range of non-digestible dietary supplements
have been identified that modify the balance of the in-
testinal microflora, stimulating the growth and/or activity
of beneficial microorganisms and suppressing potential-
ly deleterious bacteria. These supplements include lactu-
lose, lactitol, a variety of oligosaccharides [trans-galac-
tooligosaccharides (GOS) and fructooligosaccharides
(FOS)] and inulin. Despite doubt in the scientific com-
munity as to the validity of pre/probiotic research, due to
the weaknesses of scientific work, there are clinical stud-
ies which support and even advocate the probiotic con-
cept, and European Union programs are allocating funds
for the use of molecular biological tools in the analysis of
the complex mechanisms governing health benefits.
Within the fifth framework program of the European
commission, research on probiotic, prebiotic and new
functional foods has been an important focus of funding
activities. The common objective of a better understand-
ing of the interactions between resident or transient in-
testinal microflora and the human host is emerging.* Corresponding author.



For several decades, studies have reported a proven bene-
ficial effect of probiotic bacteria in connection with lac-
tose intolerance, acute rotavirus diarrhea and antibiotic-
associated diarrhea. Although this body of work has
mainly been descriptive, some insights into the mecha-
nisms involved in the beneficial effects of probiotics are
now available. To better understand how probiotics can
interact with intestinal physiology, the mechanisms in-
volved in the maintenance of intestinal homeostasis have
to be considered.

Mechanisms involved in intestinal homeostasis

Intestinal homeostasis relies upon the equilibrium be-
tween absorption (nutrients, ions), secretion (ions, IgA)
and barrier capacity (to pathogens and macromolecules)
of the digestive epithelium. These functions are con-
trolled through multiple interactions with the endocrine,
neurocrine, stromal and immune cells or with the resident
bacterial microflora that regulate epithelial functions.
When this homeostatic control is disturbed, chronic in-
flammation, diarrhea and disease may occur.  To better
understand the beneficial effects of lactic acid bacteria in
digestive diseases, it is important to take into account the
mechanisms involved in the dysregulation of epithelial
functions.
A rupture in the hydroelectrolytic balance can be due ei-
ther to a dysregulation of ion-coupled nutrient absorption
or to an abnormal stimulation of ionic secretion, in turn
driving water losses. Water movements are mainly gener-
ated by the Na-solutes co-transport systems (Na-glucose)
or chloride (Cl–) secretion across the apical membrane of
intestinal epithelial cells, and such transporters or chan-
nels are highly regulated structures. Water movement fol-
lows ionic movements across the intestinal epithelium:
Na+ absorption is driven in part by Na-glucose co-trans-
port, and leads to net water absorption, whereas Cl– se-
cretion drives water secretion in the intestinal lumen.
Therefore, any luminal or serosal factor affecting these
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transport systems will also affect electrolyte and water
movements. Among the luminal factors, pathogenic bac-
teria can adhere to the brush-border membrane of the en-
terocytes, inducing epithelial dysfunction. Attaching-ef-
facing lesions of the brush-border membrane may ensue,
or enterotoxins are released stimulating chloride secre-
tion (diarrhea) or cytotoxins disrupting epithelial in-
tegrity. Besides the specific mechanisms involved in 
water movement in the gut, osmotic diarrhea can also be
induced when a non-absorbable compound reaches the
intestinal lumen and maintains an osmotic gradient be-
tween the intestinal lumen and the blood. A typical case
of osmotic diarrhea is that induced by lactose malabsorp-
tion in the case of lactase deficiency. Serosal factors can
also affect the regulation of water movements. Abnormal
stimulation of the underlying immune system (mast cells,
phagocytes, lymphocytes) leads to the release of inflam-
matory mediators capable of altering epithelial function.
The enteric nervous system can also be involved through
the abnormal release of neuromediators (Met-enke-
phalin, acetylcholine) known to activate chloride secre-
tion directly.

Probiotic microorganisms: nature and presentation

To be a probiotic, a bacterial strain has to fulfill several
criteria. It has to be healthy, to resist acid and bile, to ad-
here to intestinal epithelial cells, to be able to persist long
enough in the digestive tract, to produce anti-microbials,
to modulate immune responses and to resist technologi-
cal processes. Probiotic microorganisms consist mostly
of strains of Lactobacillus, Bifidobacterium and Strepto-
coccus, bacterial types which have been used for cen-
turies in the production of fermented dairy products.
Table 1 indicates the most widely used probiotic mi-
croorganisms. They mainly belong to the Lactobacillus
and Bifidobacterium species (Gram+ bacteria), although
some other species or other microorganisms (yeast) have
also been a matter of interest.

Table 1. List of the most frequently used probiotic microorganisms.

Lactobacillus species Bifidobacterium species Others

L. acidophilus B. bifidum Streptococcus thermophilus
L. rhamnosus B. longum Escherichia coli
L. gasseri B. breve Bacillus cereus
L. reuteri B. infantis Clostridium butyricum
L. bulgaricus B. lactis Enterococcus faecalis
L. plantarum B. adolescentis Enterococcus faecium
L. johnsonii VSL#3 (four strains of lactobacilli, three strains of bifidobacteria,

one  strain Streptococcus salivarius sp. thermophilus)
L. paracasei, L. casei Yeast
L. salivarius Saccharomyces boulardii
L. lactis Saccharomyces cerevisiae



Lactobacillus and bifidobacteria are bacterial strains
originating from human microflora. Lactobacilli are of-
ten part of the intestinal ecosystem but very variable
amounts are found among people (ranging from 0 to 106

CFU/g feces). Bifidobacteria are also part of the human
microflora, but species differ according to age: newborns
are readily colonized by Bifidobacterium breve and B. in-
fantis and colonization is favored in breast-fed compared
to bottle-fed infants, whereas adults more often host 
B. adolescentis, B. bifidum and B. longum. However, in-
gested bifidobacteria, when administred as probiotics, do
not persist permanently in the digestive tract when the
oral bacterial load is stopped. This may be due to the fact
that, on the one hand, host genotype contributes to the
dominant microbial diversity suggesting specific interac-
tions between microbes and humans [4, 5], and on the
other hand, microflora establishment and maintenance is
highly dependent on the food intake and style of diet. The
resident intestinal microflora is complex and involves
more than 400 bacterial species. It can be modified by di-
etary substances favoring the growth of certain bacterial
species, for example oligosaccharides (prebiotics) used
to promote the development of bifidobacteria. In other
words, the composition of the indigenous microflora is
specific to an individual host and exogenous bacteria are
not easily established (fig. 1).
In addition, studies on probiotics in various animal ex-
perimental settings suggest an apparent variability in pro-
biotic efficacy of a given microorganism in a given or-
ganism. In humans, where intestinal infections are het-

erogeneous and multifactorial, probiotic indications are
likely to vary according to the disease or to its clinical
course.

Effect of probiotic bacteria
on gastrointestinal diseases

Probiotics alleviate diarrhea of various etiologies

Lactose intolerance
One of the most frequent digestive troubles is related to
lactose malabsorption, due to epithelial lactase defi-
ciency. Indeed, one of the most documented beneficial ef-
fects of yogurt is described for the case of lactose intoler-
ance. In 1984, Kolars et al. [6] and Savaiano et al. [7] con-
comitantly showed in lactase-deficient subjects that
lactose was absorbed much better from yogurt than from
milk, probably due to the intraluminal digestion of lac-
tose by the lactase released from yogurt microorganisms.
These results were confirmed by Dewit et al. [8]. Not yet
absolutely proven, however, is that the microbial lactase
activity whose maximal activity is situated between pH
6–8 persists at the duodenal pH of 5.0. In fact, although
b-galactosidase activity in yogurt drops by 80% in the
duodenum, one-fifth of the yogurt lactase activity is still
found in the terminal ileum, suggesting a relative persis-
tence of the protein along the digestive tract. In addition,
fresh yogurt is more efficient in facilitating lactose diges-
tion than heated yogurt [9, 10]. Thus, bacterial b-galac-
tosidase present in yogurt is partly resistant to luminal hy-
drolysis and can hydrolyze lactose, at least in the mid and
distal part of the small intestine where the pH is compat-
ible with its enzymatic activity.

Treatment of diarrhea

1) Acute viral diarrhea
For a long time, the use of oral bacteria therapy in child-
hood has been described as beneficial in the treatment of
acute diarrhea [11–13]. Human isolates of Lactobacillus
rhamnosus strain GG (L.GG) have been extensively used
to promote recovery from acute rotavirus diarrhea in chil-
dren. L.GG, when used as bacteria-supplemented milk or
freeze-dried powder, is effective in shortening the course
of acute diarrhea [14–16]. The same effect is observed in
children with rotavirus diarrhea fed L. reuteri [14, 17]. A
multicenter European trial has recently shown that ad-
ministering oral rehydration solution containing L.GG to
children with acute diarrhea is safe and results in a
shorter duration of diarrhea and faster discharge from the
hospital [18]. Recently, a randomized trial in young chil-
dren showed that although infant formula or yogurt were
equally effective in the treatment of acute watery diar-
rhea, yogurt feeding was associated with a clinically rel-
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Figure 1. Relationship between resident and probiotic flora. The
resident intestinal microflora is complex and involves more than
400 bacterial species. Host genotype contributes to the dominant
microbial diversity suggesting specific interactions between mi-
crobes and humans, and microflora establishment and maintenance
is highly dependent on food intake and style of diet. By contrast, in-
gested probiotic bacteria do not persist permanently in the digestive
tract when the oral bacterial load is stopped. In fact, the composi-
tion of the indigenous microflora is specific to an individual host
and exogenous bacteria are not easily established.



evant decrease in stool frequency and duration of diar-
rhea, especially in children with carbohydrate malabsorp-
tion [19].

2) Bacterial diarrhea
The data concerning a protective role of lactic acid bacte-
ria in bacterial diarrhea are scanty in humans and contra-
dictory results have been reported in animals. In a rabbit
model of Escherichia coli enterotoxin-induced diarrhea,
a Lactobacillus-containing preparation injected in in-
fected ileal loops exhibited a significant anti-enterotoxin
response [20]. The administration of killed L. acidophilus
in mice infected with a strain of enterotoxigenic E. coli
extended their survival and a protective effect of probiotic
fermented food mixture was found in a similar model of
mice infected with E. coli [21]. However, contradictory
results were also reported [22]. Besides the effect of pro-
biotics on the time course of infection, a preventive effect
has also been suggested in mice [23]. However, a clinical
trial of probiotic administration for the prevention of Sal-
monella shedding in horses had no effect on the prev-
alence of diarrhea [24]. In contrast, an in vivo study 
in mice orally infected with Salmonella typhimurium
showed that the L. acidophilus strain LA1 had an anti-
bacterial activity, which was reproduced, in vitro, using
intestinal epithelial Caco2 cells infected with S. ty-
phimurium and was shown to be linked to a factor present
in the culture supernatant of the probiotic bacteria [25]. In
neonatal rats, intestinal bifidobacterial colonization re-
duced the risk of necrotizing enterocolitis, by a mecha-
nism which may involve a decreased bacterial transloca-
tion and inflammatory cascade [26].
In adult volunteers inoculated orally with E. coli strains
producing heat-stable and heat-labile enterotoxins, the
course of the diarrhea was not improved by a commercial
preparation containing dried L. acidophilus and L. bul-
garicus [27, 28]. In the case of chronic diarrhea associ-
ated with bacterial overgrowth in adults, a crossover ran-
domized trial showed that a 7-day antibiotic treatment
was effective in reducing daily stool frequency, whereas
Saccharomyces boulardii had no effect on this parameter,
at least during this short period of treatment [29].
Taken together, although beneficial effects have been re-
ported in different animal or cell culture models, these re-
sults do not convincingly support a beneficial effect of
probiotics in bacterial diarrhea.

3) Clostridium difficile colitis
In humans, in the case of recurrent C. difficile (CD) coli-
tis, a successful treatment was obtained using L.GG, both
in adults and children [30, 31]. Other probiotics such as
S. boulardii, in combination with standard antibiotics
were demonstrated as more effective than antibiotics
alone in the treatment of recurrent CD colitis [32]. In a
prospective, randomized, placebo-controlled trial of

L.GG in combination with standard antibiotics for the
treatment of C. difficile infection, L.GG seemed effective
in reducing the 3-weeks recurrence rate of C. difficile,
and patients felt better when taking L.GG, as compared
with the placebo, with early disappearance of abdominal
cramps and diarrhea [33]. Altogether, the use of probi-
otics for the treatment of primary and recurrent C. diffi-
cile diarrhea looks promising.

4) Persistent or chronic diarrhea
Persistent diarrhea is defined in children as a diarrhea
starting acutely but lasting at least 2 weeks. A beneficial
effect of feeding yogurt versus milk was shown in chil-
dren with persistent diarrhea [34]. In a controlled ran-
domized single-blind clinical trial, the treatment of chil-
dren with chronic diarrhea with lactulose or preparation
of probiotics (Lactipan) promoted complete remission of
intestinal disorders [35]. Other studies have reported a
beneficial effect of fermented products on the time
course of diarrhea. Feeding fermented milk in children
(South America) with postgastroenteritis syndrome elim-
inated the disease in 4.0 days, and was even more benefi-
cial in the patients with malnutrition [36].

5) Antibiotics-associated diarrhea or radiotherapy-in-
duced diarrhea
Antibiotics used in various infectious pathologies can al-
ter the intestinal microflora and disrupt the equilibrium in
the bowel ecosystem. Ingestion of probiotics has long
been used to reduce the effect of such microbial alter-
ation. The treatment and prevention of antibiotic-associ-
ated diarrhea has recently been reviewed [37]. Lacto-
bacilli, especially L.GG were constantly reported as ben-
eficial in antibiotic-associated diarrhea [38–41]. In
adults, prophylactic administration of a culture of L. aci-
dophilus and L. bulgaricus in ampicillin-treated patients
was effective in preventing the diarrhea [42]. Finally, in
patients undergoing abdominal irradiation, the preven-
tion of intestinal side effect (diarrhea) was obtained by
the administration of live L. acidophilus cultures [43] or
by L. rhamnosus in comparison to placebo in a double-
blind trial design [44].

Prevention of diarrhea in children
A few studies have been done on the potential role of pro-
biotics or fermented milks in preventing the development
of diarrhea. In 1989, Brunser et al. [45], in Chile, noted a
decrease in the incidence of diarrhea in children fed an
acidified modified powdered cow’s milk infant formula
(Pelargon) for 6 months compared to control children.
Both the frequency and duration of acute diarrhea were
improved. In 1994, Boudraa et al. [46], in Algeria,
showed that feeding a dehydrated fermented milk con-
taining B. breve and Streptococcus thermophilus (Lacto-
fidus) to children at early weaning significantly reduced
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the number of diarrhea episodes compared with children
receiving an adapted milk formula during the 3 months 
of the study.
In a double-blind placebo-controlled trial, a preventive
effect on the development of diarrhea and on the shed-
ding of rotavirus in feces in infants aged 5–24 months
was observed in the group receiving a milk formula sup-
plemented with B. bifidum and S. thermophilus compared
to infants receiving the control formula [47]. L.GG was
also demonstrated as effective in the prevention of noso-
comial diarrhea, particularly rotavirus gastroenteritis, in
hospitalized infants [48].
A double-blind randomized trial on the effect of a long-
term consumption of L.GG-supplemented milk on infec-
tions in children attending day-care centers recently con-
cluded that L.GG may reduce respiratory infections and
their severity, although the effect was modest [49]. The
preventive role of L.GG toward diarrhea was also re-
ported in undernourished children [50].

Role of bacterial viability
The question of bacterial viability is important because
many of clinical studies suggest that live bacteria are
mandatory to the beneficial effect of probiotic dietary
supplements. In fresh dairy fermented products, the 
bacterial counts normally reach 108–109 bacteria/ml. In
L.GG-supplemented milk, the counts can reach 1010–1011

bacteria/ml. In dried fermented products, dehydration
and heating greatly reduce the number of viable bacteria.
The importance of viability of probiotic microorganisms
may be different in different situations. In lactose intoler-
ance, although lactase activity (i.e. the intact b-galactosi-
dase protein) persists long enough to explain why heated
yogurt is efficient in lactose malabsorbers [51], fresh yo-
gurt is more efficient than heated yogurt in facilitating
lactose digestion [9]. In diarrhea treatment, fresh fer-
mented L.GG milk or the freeze-dried powder are both ef-
fective in shortening the course of acute rotavirus diar-
rhea in children [14] but the administration of viable
L.GG is most efficient in promoting rotavirus-specific
IgA in serum than heat-inactivated bacteria [52].
In antibiotic-associated diarrhea, the viability of lactic
acid bacteria seems to be mandatory to the beneficial ef-
fect [38].

Prevention and treatment
of Helicobacter pylori infection
H. pylori is among the few bacteria capable of colonizing
the gastric mucosa, in some cases inducing the develop-
ment of gastric inflammation or ulcers. In the latter case,
bacterial eradication through anti-biotherapy is needed.
Many additional therapeutic strategies have been made
available to improve H. pylori eradication, including the
use of probiotics. This biotherapeutics is often used as an

adjunct to the traditional anti-biotherapy and clinical tri-
als seem to confirm the improvement of eradication rate
and the tolerability of multiple antibiotic regimens used
for the infection. L. acidophilus strain LB secreting an
anti-bacterial substance against H. pylori in vitro and in
vivo was reported to decrease the adhesion and viability
of H. felis in mice and of H. pylori in the cultured human
mucosecreting HT29-MTX intestinal cell line [53].
In a gnotobiotic murine model of H. pylori infection, L.
salivarius (but not L. casei or L. acidophilus) was shown
to prevent infection or to suppress the infection by H. py-
lori, probably through the high amount of lactic acid pro-
duced [54, 55].
In a study of H. pylori-infected volunteers, an acidified
milk LC1 containing L. johsonnii La1 was shown to de-
crease H. pylori density (but was not shown to improve
eradication) and to reduce inflammation in the antrum
[56]. After screening of more than 200 strains of lacto-
bacilli for their capacities to adhere to gastric epithelial
cells and resist gastric acidity, L. gasseri was shown to be
able, in humans infected with H. pylori, to suppress the
bacterium and to reduce mucosal inflammation [57]. Al-
together, the lack of standardization in the type of probi-
otics used, and the dosage and timing of administration
suggest that further trials are needed to clarify the role of
probiotics as a treatment or adjunct of the treatment in H.
pylori infections.

Probiotics in the treatment or maintenance therapy
of inflammatory bowel diseases
The incidence of inflammatory bowel disease (IBD), ul-
cerative colitis and Crohn’s disease, is increasing in West-
ern Europe and the USA (80/100,000). In the absence of
good knowledge of the causal factors, drugs that relieve
symptoms such as mesalazine, antibiotics, corticoids,
anti-diarrheal drugs and immunosuppressants have been
used for treatment. This therapy leads to symptom-free
periods with remission from acute episodes, but relapses
frequently occur. The etiology of IBD is still not clear and
numerous factors are involved in the damage to the mu-
cosa, including microorganisms, psychological factors
and nutritional habits. Some results indicate that IBD pa-
tients host an intestinal microflora containing few lacto-
bacilli [58] and a decrease in bifidobacteria fecal concen-
tration [59, 60]. In normal conditions, an immunologic
tolerance is maintained toward the commensal enteric
bacteria which prevents intestinal inflammation. This
controlled homeostatic response is lost in susceptible in-
dividuals that develop chronic aggressive cellular im-
mune response at the intestinal level. Because the intesti-
nal microflora is essential for the development and per-
petuation of colitis [61] and seems to be implicated in the
pathogenesis of IBD, the rationale for using probiotics
has recently emerged and probiotics have been proposed
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as a therapeutic adjunct in IBD. There are increasing ex-
perimental and clinical data showing a reduction of in-
flammation and symptoms in enterocolitis treated with
probiotics. Preliminary results with probiotics in animal
models are encouraging: their efficacy in murine colitis,
especially in interleukin (IL)-10–/– mice models [62, 63]
has been suggested.
Few results however have been described in humans. Oral
administration of L.GG in patients with Crohn’s disease
resulted in the promotion of the intestinal IgA immune
response [64]. A preliminary study in four children with
mild Crohn’s disease suggested that L.GG may improve
the gut barrier function and clinical status, but double-
blind placebo-controlled trials have to confirm these re-
sults [65].
The pouch surgery of ulcerative colitis is often compli-
cated by a non-specific inflammation of the ileal reser-
voir. Oral bacteriotherapy using a mixture of probiotic
bacteria (VSL#3, see table 1) has recently been shown to
be effective in preventing relapses of chronic pouchitis
[66]. In addition, a double-blind comparison of an oral E.
coli preparation (Nissle 1917) and mesalazine in main-
taining remission of ulcerative colitis showed that the
probiotic treatment was as effective as mesalazine in the
maintainance therapy of ulcerative colitis [67]. Alto-
gether, more convincing results are needed to confirm the
advantage of using probiotics in IBD, but a trend to the
beneficial effect of bacterial supplementation as an ad-
junct to treatment is emerging.

Use of recombinant probiotic bacteria in alleviating
intestinal diseases
The concept of genetically engineered bacteria has been
used by Steidler et al. [62] to treat murine colitis. The cy-
tokine IL-10 was secreted in the intestinal lumen of mice
by non-pathogenic genetically engineered bacteria (Lac-
tococcus lactis) administered as a food supplement. Lo-
cally produced IL-10, after crossing the altered epithelial
barrier, suppressed the inflammatory immune response
by promoting the activity of regulatory T cells that
counter-regulated Th1 cells. This approach was proposed
as worth considering in the long-term management of
IBD in humans.
In a recent study, Kruisselbrink et al. [68] showed that
mucosal immunization of mice with a Lactobacillus
plantarum recombinant expressing an immunodominant
T cell epitope of Der p1 of house dust mites resulted in
inhibition of IL-5 production in an antigen-specific man-
ner whereas it also inhibited interferon (IFN)-g produc-
tion, as a non-specific effect. These results suggest that
recombinant L. plantarum may be a potential candidate
for the treatment of allergic disorders.
Gastrointestinal diseases can also be caused by patho-
genic toxin-producing bacteria such as Shigella. Al-

though Shigella infection can be diagnosed early in the
course of the disease, no effective therapeutic interven-
tion is possible. Also recently, recombinant bacteria (E.
coli) that displayed a shiga toxin receptor mimic on their
surface were shown to adsorb and neutralize shiga toxins
very efficiently, and oral administration of these recom-
binant bacteria protected mice from a fatal shiga toxi-
genic E. coli infection [69]. All these examples illustrate
the growing interest in recombinant probiotic bacteria in
the treatment of various intestinal diseases (fig. 2).

Probiotics in food allergy
The rationale for using probiotics as a possible treatment
of allergic disorders is based on the fact that this immune
disorder is due to the dysregulation of the Th1/Th2 bal-
ance in response to exogenous antigens. Various theories,
including the ‘hygiene hypothesis’ have suggested that a
modern style of life could be the basis of the increasing
development of allergic diseases. Indeed, in most devel-
oped countries, the immune system is much less chal-
lenged as it used to be in the past by infectious diseases
of various origins. The exposure to infectious agents gen-
erally leads to stimulation of type 1 helper (Th1) lym-
phocytes, and to the release of cytokines such as IFN-g. T
cells are classically classified as Th1, Th2 or Th3 types
according to their profile of cytokine secretion. Th1 cells
produce IFN-g, IL-2 and tumor necrosis factor (TNF)-b,
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Figure 2. Use of engineered probiotic bacteria. The concept of ge-
netically engineered bacteria has been used for various purposes.
Immunosuppressive cytokines (IL-10) which are produced locally
by engineered bacteria suppress the inflammatory immune re-
sponse by activating regulatory T cells. Recombinant probiotic bac-
teria can also express T cell epitopes inhibiting allergic reactions
[68]. Gastrointestinal diseases can also be caused by pathogenic
toxin-producing bacteria such as Shigella. Recombinant bacteria
(E. coli) that display a shiga toxin receptor mimic on their surface
can adsorb and neutralize shiga toxins very efficiently, protecting
mice from a fatal shiga toxigenic E. coli infection [69]. In addition,
mucosal vaccination is presently being developed, using recombi-
nant antigens. Novel high-efficiency Lactobacillus expression vec-
tors have been designed to allow antigen expression either intracel-
lularly, extracellularly or secreted and anchored to the surface.
These expression vectors have been successfully used to construct
different lactobacilli-expressing antigens (such as tetanus toxin
fragment C) that after oral or nasal immunization in mice induce
significant levels of circulating specific IgG [94, 95].



which activate macrophages and are responsible for cell-
mediated immunity. Type 2 (Th2) cells produce IL-4, IL-
5, IL-10 and IL-13, which are responsible for antibody
production (IgE mainly) and eosinophil activation. Th3
cells are regulatory cells mainly secreting suppressive cy-
tokines such as transforming growth factor (TGF)-b. Th2
cells predominate in response to nematode infection or in
allergic disorders. Theoretically, a Th1 response can pro-
tect against the development of allergic diseases, since
Th1 and Th2 responses are considered mutually in-
hibitory. In the absence of stimulation of the immune sys-
tem by infectious agents triggering Th1 responses, the
main defense mechanism for parasitic infestation, i.e.
Th2-type cytokine secretion and IgE antibodies, is still
present, but it may be redirected against environmental
substances such as food or respiratory antigens.
Several studies, mainly from E. Isolauri’s group in Fin-
land, have suggested that probiotics (L.GG) might be a
novel approach in the management of food allergy. In
children allergic to cow’s milk proteins and presenting
with atopic eczema, feeding an extensively hydrolyzed
whey formula supplemented with L.GG improved the
clinical score of atopic dermatitis and decreased the in-
testinal excretion of a1-anti-trypsin and TNF-a, com-
pared with children fed the extensively hydrolyzed for-
mula alone [70]. In addition, a possible mechanism was
suggested, since a mixture of bovine caseins hydrolyzed
with L.GG-derived enzymes induced a suppression of
lymphocyte proliferation [71] and a down-regulation of
anti-CD3 antibody-induced IL-4 production [72], in
vitro. On the other hand, lactic acid bacteria have been
shown to inhibit IgE production [73, 74]. By contrast, the
administration of milk versus fermented milks (S. ther-
mophilus and B. breve) were equally able to sensitize
guinea pigs toward b-lactoglobulin, indicating that probi-
otics did not influence the development of cow’s milk al-
lergy [75].
A comparison of the intestinal flora of children in Swe-
den and Estonia suggested that the higher prevalence of
allergy in Swedish children was associated with lower
amounts of lactic acid bacteria in their intestinal flora [76,
77]. It was further reported that differences in the neona-
tal gut microflora preceded the development of atopy,
suggesting that microflora imbalance in atopic children
preceded the development of allergic manifestations [78].
In contrast to their propensity to counteract allergic de-
velopment, lactic acid bacteria have also been shown to
exert inhibitory effects on the development of Th1-medi-
ated diseases, including colitis in mice [63], suggesting
that they may modulate immunity by a mechanism which
does not involve polarization of immune responses to-
ward Th1. In a recent study, mucosal immunization of
mice with L. plantarum recombinants resulted in inhibi-
tion of IL-5 production (Th2 cytokine) in an antigen-spe-
cific manner, whereas it also inhibited IFN-g production

(Th1 cytokine) as a non-specific effect [68]. This sug-
gests that inhibition of Th2 cytokines (allergy) by lacto-
bacilli is not necessarily accompanied by upregulated
Th1 responses.

Probiotics in colon cancer
Colon cancer is a widely expressed cancer due to somatic
mutations in colon cells occurring during the lifetime of
an individual. The protective role of probiotics and prebi-
otics in colon cancer has recently been reviewed [79].
Genotoxic carcinogens including heterocyclic aromatic
amines, which are formed during the cooking of meat, are
a potential risk factor of colon cancer in high-meat con-
sumers. In vitro studies have demonstrated that the cell
wall of lactic acid bacteria can bind heterocyclic amines.
Lactic acid bacteria or milk-fermented products have
been shown to exhibit anti-mutagenic effects in the S. ty-
phimurium mutagenicity assay [80], or in experimental
animals [81]. The protective effect seems to be observed
only at a high level of bacteria (>5 ¥ 1012 colony forming
units/l) [82]. Furthermore, butyrate, an organic acid pro-
duced at the colonic level by the gut flora, was recently
shown as an inhibitor of the genotoxic activity of various
compounds in human colon cells [83]. The carcinogenic
effect of endogenous toxic and genotoxic compounds are
additionally believed to be influenced by the enzymatic
activity of bacterial enzymes such as NADPH dehydro-
genase, nitroreductase, b-glucosidase, b-glucuronidase
or 7-a-dehydroxylase, which are more heavily expressed
by enterobacteria, Bacteroides and clostridia than by lac-
tobacilli and bifidobacteria. In fact, such enzymes are
deleterious to the colon mucosa since they participate in
the regeneration of toxic compounds that have been
detoxified by the liver [84]. Despite promising studies in
vitro and in vivo in experimental animals, in humans, epi-
demiological studies do not provide clear-cut results.
Some studies have reported that individuals consuming
fermented milks or yogurt had a lower incidence of colon
cancer [85] or a lower propensity to develop large adeno-
carcinomas [86], but other studies did not find such ben-
eficial effects [87]. Clearly, further studies are needed be-
fore the beneficial effects of probiotics in the prevention
of human colon cancer can be confirmed.

Probiotics as vehicles of mucosal vaccines

Commensal bacteria such as lactic acid bacteria offer an
attractive model of antigen delivery vehicles for mucosal
vaccination, as recently reviewed [88–90]. Active vacci-
nation as opposed to the induction of oral tolerance is 
crucially dependent on the particulate or soluble nature 
of the antigen delivered to the intestinal tract [91]. En-
hanced immunogenicity of orally administred antigens is
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achieved by presenting antigen to the immune system in
association with bacteria or viral vectors (fig. 2). The rec-
ognized advantages of mucosal vaccination have led to
the development of a new generation of vaccine that can
be administred via various mucosal routes. Production of
antigens by bacteria can occur in three different ways: in-
tracellularly, extracellularly and surface bound. Novel
high-efficiency Lactobacillus expression vectors have
been designed to allow antigen expression either intracel-
lularly, extracellularly or secreted and anchored to the
surface. These expression vectors have been used suc-
cessfully to construct different lactobacilli-expressing
antigens such as tetanus toxin fragment C (TTFC), sev-
eral rotavirus proteins or urease A and B subunits from
Helicobacter pylori [92]. Recombinant L. casei or L.
plantarum expressing a high level of intracellular or cell
wall-bound tetanus toxin fragment C [93] have been
shown after oral and nasal immunization, in mice, to in-
duce significant levels of circulating TTFC-specific IgG.
Nasal administration induced in addition a secretory IgA
response in bronchoalveolar fluids and antigen-specific
B and T cell activation in draining lymph nodes [94].
Similar results were obtained after intranasal administra-
tion of recombinant L. plantarum expressing cytoplasmic
TTFC, with a high level of specific IgG, bronchial mu-
cosal IgA responses and specific T cell activation in cer-
vical lymph nodes [95].

Mechanisms by which probiotic bacteria
influence gastrointestinal physiology

Various properties of probiotic bacteria have been pro-
posed as an explanation for their multiple beneficial ef-
fects. These properties include better lactose absorption
in lactase-deficient subjects, restoration of a normal in-
testinal microflora, a contribution to the elimination of
pathogenic enteric bacteria, reinforcement of the intesti-
nal barrier capacity to exogenous antigens and an in-
crease in humoral immunity and mucosal secretory IgA
response. In addition to strengthening the specific immu-
nity, lactic acid bacteria also seem to reinforce the non-
specific mechanisms of defense such as phagocytosis and
cytokine production. A trophic role on the intestinal ep-
ithelium has also been suggested, as well as the secretion
of anti-inflammatory and anti-microbial molecules (bac-
teriocins). In vitro or in vivo studies suggest that syner-
gistic mechanisms are probably involved in the beneficial
effects of fermented products in case of intestinal dis-
eases.

Lactose metabolism
The well-recognized beneficial effect of fermented prod-
ucts on lactose absorption in case of lactase deficiency

can be partly explained by the presence of bacterial lac-
tase (b-galactosidase) in yogurt or fermented products,
helping lactose cleavage and its subsequent absorption
under the form of monosaccharides, as initially suggested
[6, 7]. Indeed, in yogurt, the lactose content is 30% lower
than in milk, probably due to such hydrolysis. However,
some observations suggest that bacterial lactase is proba-
bly not a unique explanation for the improvement in lac-
tose absorption, since b-galactosidase activity is reduced
by 80% at pH 5.0, which is the pH observed in vivo in the
duodenum. The other explanation of improving lactose
absorption could be the slowing down of the gastroin-
testinal transit of yogurt compared with milk, facilitating
prolonged contact between residual lactase on entero-
cytes and lactose in the lumen [10, 96, 97]. More likely, a
synergistic effect of both mechanisms is probably in-
volved in facilitating lactose digestion and absorption.

Effect of probiotics on the resident microflora
and pathogens 
The development of an indigenous gut flora in neonates
and its maintenance in adults is prerequisite to the pro-
tection of intestinal function. During the neonatal period,
the intestinal flora is enriched in bifidobacteria in breast-
fed infants, while enterobacteria are predominant in the
case of bottle-fed infants [98] although most often, a
mixed population is found. The beneficial effect of viable
lactic acid bacteria is possibly due to the transient prolif-
eration of these bacteria in the digestive tract, in vivo,
which represent a microbial barrier against the develop-
ment of pathogenic bacteria.
The protective effect of the resident microflora is often
weakened in the case of anti-biotherapy which creates a
disequilibrium in the resident microflora and decreases
the colonization resistance to pathogens. The introduc-
tion of lactic acid bacteria to reinforce human gut flora
has been tested, since lactobacilli are part of the normal
microflora, and, by producing lactic and acetic acids, hy-
drogen peroxide and anti-microbial substances, these mi-
croorganisms contribute to the maintenance of coloniza-
tion resistance.
The persistence of ingested lactic acid bacteria in the gas-
trointestinal tract, at least for some days, is mandatory for
their beneficial effect. Some data have indicated that
orally administred L.GG can survive to transit, although
an efficient colonization was not demonstrated [99]. In
human neonates, the administration of a fermented whey-
adapted infant formula containing viable bifidobacteria
during the first 2 months of life, allowed them to reach a
prevalence of colonization with bifidobacteria similar to
that of breast-fed infants [100]. The fate of ingested lac-
tic acid bacteria has been studied extensively in normal
volunteers. After ingestion of a fermented milk contain-
ing L. acidophilus and Bifidobacterium sp., living bacte-
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ria were recovered in the ileum in quantities representing
1 and 37% of the ingested bacteria, respectively [101].
Similar results confirmed the survival of Bifidobacterium
sp. at the terminal ileum level [102].
The adherence of certain strains of Lactobacillus to the
intestinal epithelial cells, which is a criterion of selection
for probiotic strains, can significantly inhibit the binding
of enteric pathogens, by competitive exclusion, as shown
at least in vitro [53, 103, 104]. This inhibition of adhesion
of enteropathogens could be due in part to the induction
of intestinal mucin gene expression [105] and to the abil-
ity of probiotic bacteria to bind to human intestinal mu-
cus [106, 107] and to human colonic cell lines [104, 108,
109]. However, in rabbits infected with the enteroadher-
ent pathogenic strain RDEC-1, yogurt consumption did
not interfere with the growth of the pathogenic E. coli
[110].
Taken together, these studies indicate that although the
bactericidal effect of yogurt has been demonstrated in
vitro, it seems difficult to extrapolate to in vivo situations,
and probiotic bacteria elimination of pathogenic microor-
ganisms from the intestinal tract seems doubtful.

Crosstalk between gut epithelium and
commensal/probiotic bacteria and down-regulation
of inflammation
Not only do bacteria interfere with intestinal physiology
but, conversely, the intestinal environment is important in
conditioning bacteria. The gut environment is susceptible
to modifying ingested bacteria and to affecting their via-
bility. Not only does the viability of bacteria in a probiotic
food have to be taken into account but also their resis-
tance to intestinal transit. In this respect, recent data sug-
gest that some bacteria have a high rate of mutation in the
digestive tract, initiating a faster adaptation to the hostile
intestinal environment. Although initial mutations are fa-
vorable to the surviving of ingested bacteria, these muta-
tions can turn out deleterious in secondary colonization
[111], perhaps explaining why the individual host influ-
ences the outcome of a probiotic effect. Direct evidence
for the importance of the commensal host-microbial rela-
tionship has recently been reported, showing that resident
bacteria are capable of shaping our physiology. When
germ-free mice are colonized with a bacterium of the
dominant human microflora, Bacteroides thetaiotaomi-
cron, an intestinal transcriptional response ensues, no-
ticeably at the intestinal epithelial level. These alterations
can interfere with several important functions including
nutrient absorption, mucosal barrier function, intestinal
maturation or xenobiotic metabolism [112]. Moreover,
some other recent data support the view that non-patho-
genic bacteria may directly alleviate intestinal inflamma-
tion through mechanisms altering signal transduction
pathways of pro-inflammatory cytokines, in particular

the NF-kB transcription factors [113, 114]. Other in vitro
studies using the intestinal epithelial cell line CaCo-2
suggest that in the physiological inflammatory environ-
ment of the intestine, epithelial cells might be able to se-
crete more TGF-b, a tolerogenic cytokine, in the presence
of lactobacilli [115]. Whether or not these anti-inflam-
matory properties are also involved in the beneficial ef-
fects of probiotics remains to be determined (fig. 3). Fi-
nally, in the changing environment of the human intes-
tine, microorganisms seem to be capable of expressing an
extensive array of distinct capsular polysaccharides,
through phase variation dictated by invertible promoter
regions upstream of the polysaccharide biosynthesis loci
[5]. Such a property illustrates the important relationship
existing between host and bacteria.

Reinforcement of the intestinal barrier function
The intestinal barrier function is composed of various
factors susceptible of decreasing the absorption of poten-
tially harmful microbial or soluble antigens. These fac-
tors include the capacity of digestive enzymes to degrade
luminal antigens, the presence of an epithelial barrier
composed of epithelial cells firmly connected via tight
junctions and coated with a mucous layer with entrapped
secretory IgA. The commensal flora can influence in-
testinal barrier function. In germ-free mice, the absence
of intestinal microflora is associated with an increase in
electrical resistance and a decrease in macromolecular
transport, suggesting that commensal bacteria influence
the epithelial physiology [116]. In fact, in rat colon, some
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Figure 3. Hypothetical interactions between epithelial cells and
probiotic bacteria in the inflammatory cascade. Recent data from
Neish et al. [114] support the view that non-pathogenic bacteria
may directly alleviate intestinal inflammation through mechanisms
altering signal transduction pathways of pro-inflammatory cy-
tokines, in particular the NF-kB transcription factors. In fact, in an
epithelial cell line, a non-pathogenic Salmonella has been shown to
inhibit ubiquitination and degradation of I-kB, an inhibitor of NFkB
translocation in the nucleus. Whether or not this anti-inflammatory
property could also be involved in the beneficial effects of probi-
otics remains to be determined.



bacterial strains (E. coli, Klebsiella pneumoniae, Strepto-
coccus viridans) can increase small-molecule absorption
whereas others such as Lactobacillus brevis decrease this
permeability, indicating that the composition of the com-
mensal flora may play a role in digestive permeability to
luminal substances [117]. Different studies have sug-
gested that L.GG is able to stabilize the intestinal perme-
ability to macromolecules, particularly in the case of
acute gastroenteritis in rats [71], but also to reverse the in-
crease in intestinal permeability induced by cow’s milk in
suckling rats [118]. A recent study using an animal model
of cow’s milk allergy has shown that feeding guinea pigs
with dried fermented milk instead of milk led to a de-
crease in b-lactoglobulin absorption at the jejunal level
[75]. Recently, the probiotic compound VSL#3 (see table
1) was shown to be effective in restoring the barrier func-
tion of IL-10-deficient mice and in reducing secretion of
TNF-a and IFN-g. It was also capable of increasing the
electrical resistance of T84 epithelial monolayers by 20%
within 6 h [119]. In healthy volunteers, indomethacin-in-
duced gastric damage (but not intestinal damage) was
prevented by a 5-day administration of live (but not
killed) L.GG [120]. Altogether, these studies emphasize
the capacity of some probiotic strains to stabilize the di-
gestive mucosal barrier, a property that might be linked to
the combined effects of probiotics on mucin expression,
pathogenic bacterial growth, mucosal immunity and in-
flammation. 

Strengthening of specific and non-specific
immune responses

Secretory IgA immunity
The effect of lactic acid bacteria on the secretory immune
system is well documented. When antigens, especially in-
fectious antigens, are introduced via the oral route, secre-
tory IgA or IgM are released as a defense mechanism.
Lactic acid bacteria have been shown to improve the sys-
temic and secretory immune response to luminal anti-
gens.
One of the first beneficial effects described for L.GG was
the reinforcement of local immune defense through an
enhanced secretion of rotavirus-specific IgA [52, 121].
Whether these IgA antibodies have the capacity to coun-
teract viral entry into epithelial cells remains to be estab-
lished. L.GG also had an immunostimulating effect on
oral rotavirus vaccination in infants since infants who re-
ceived L.GG showed an increased response with regard to
rotavirus-specific IgM-secreting cells [122].
In human volunteers, ingestion of an attenuated Salmo-
nella typhi strain to mimic an enteropathogenic infection
produced in a group supplemented with fermented milk
(L. acidophilus LA1 and bifidobacteria) a specific serum
IgA response which was four times higher than in the

control group [123]. However, this result was not con-
firmed by others [124] who found that the increase in
serum IgA was small and that no modification of other Ig
was detected.
The enhancement of the IgA secretory response against a
soluble food antigen was also described in mice fed a
whey protein diet with or without B. longum, since both
total IgA and specific anti-b-lactoglobulin IgA were sig-
nificantly higher in the small intestine of mice fed the B.
longum-containing diet than in control mice [125].

Non-specific immune response
Non-specific, anti-infective mechanisms of defense can
also be enhanced by ingestion of specific lactic acid bac-
teria strains. These strains have been postulated for use as
nutritional supplements to improve the defective immune
function of particular age groups such as neonates or el-
derly persons. In a study of the immunomodulation of hu-
man blood cells following lactic acid bacteria ingestion,
the consumption of milks fermented with B. bifidum or L.
acidophilus strain LA1 induced an increased phagocyto-
sis of E. coli, in vitro [126]. In mice, different strains of
lactobacillus and S. thermophilus were capable of stimu-
lating non-specific (macrophages) and specific (lympho-
cytes B and T) immunity [127]. Recently, a comparison of
cytokine release in the gut, after oral ingestion of various
Lactobacillus strains in mice, showed that different Lac-
tobacillus strains induce distinct mucosal cytokine pro-
files and possess differential intrinsic adjuvanticity. Most
Lactobacillus strains induced TNF-a production by cy-
tokine-producing cells in the gut villi, but non-cytokine-
inducing strains were also identified. By contrast, in this
study, no Lactobacillus strain emerged which induced a
local production of TGF-b or IL-10, cytokines which
have been described as permissive for oral tolerance in-
duction [128]. Similarly, lactobacilli isolated from human
intestine were potent stimulators of IL-12 production by
human blood mononuclear cells or monocytes [129]. In
addition, it was shown that L. johnsonii and Lactobacil-
lus sakei strongly induced IFN-g and IL-12 secretion
(Th1 cytokines), but not IL-10 secretion, by human pe-
ripheral blood mononuclear cells in vitro [130]. However,
in the intestinal epithelial cell line Caco-2 co-cultured on
permeable filters in the presence of underlying leuko-
cytes, L. johnsonii was shown to stimulate the secretion
of TGF-b by epithelial cells although it was not capable
of reducing the secretion of pro-inflammatory cytokines
by leukocytes [115]. Clinical studies show that in chil-
dren with atopic dermatitis, oral administration of L.GG
during 8 weeks leads to an increase in IL-10 secretion by
peripheral blood mononuclear cells and serum IL-10.
Taking these studies into account, one must emphasize
that the capacity of mucosa-associated lactobacilli or pro-
biotic bacteria to stimulate a cytokine response by local
mononuclear cells or lymphocytes depends in part on
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their capacity to cross the gut epithelium before interact-
ing with cells of the local immune system. Indeed, Gram–
bacteria lipopolysaccharides as well as Gram+ bacteria
cell walls are potent stimuli for activation of the mono-
cytes/macrophages of the immune system [131] through
the activation of CD14 and Toll-like receptors.
In addition, the cytoplasmic fraction of probiotic bacteria
lysates seems able to inhibit lymphocyte proliferation
[132], suggesting that soluble compounds susceptible to
absorption by the intestinal epithelium may also play a
role in immunoregulation. Surprisingly, such a property
was initially described in certain strains of pathogenic E.
coli, which were shown to produce a factor inhibiting mi-
togen-stimulated lymphokine mRNA expression in lym-
phocytes, without inhibiting expression of cytokines ex-
pressed in monocytes [133].
Alternatively, probiotic bacteria may act on underlying
immune cells via the stimulation of intestinal epithelial
cells as described above.

Conclusion

For centuries, yogurt and fermented milk have been
thought to be foods with special benefits for health. More
recently, a great deal of interest has developed concerning
the many beneficial effects of probiotic microorganisms
in a variety of pathological situations. However, the bet-

ter we understand the molecular mechanisms of probi-
otic-host interactions, the better we can exploit their ca-
pacity to enhance mucosal immune responsiveness and to
counteract pathogen colonization and the ensuing inflam-
matory processes. In addition to demonstrating the mech-
anisms underlying the known health benefits, the recent
development of molecular biological techniques that per-
mit construction of lactic acid bacteria which secrete cy-
tokines or which present antigens in various ways to the
immune system offers the chance to explore new poten-
tials of these bacteria as immunomodulators.
Various other important points need to be emphasized.
Resident microflora reside mainly at the distal end of the
digestive tract. Sustained high doses of probiotic bacteria
administered by the oral route may promote beneficial ef-
fects via the transient colonization of more proximal parts
of the gut. Finally, as the gut translocation of probiotic
microorganisms is probably negligible in physiological
conditions, the effect of bacterial compounds released in
the intestinal lumen and potentially absorbed by the gut
epithelium, as well as the direct modifications of epithe-
lial cell physiology due to bacterial contact (fig. 4), have
to be considered as possible mechanisms by which probi-
otic microorganisms can be made to affect local or sys-
temic immune function.
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the oral route may allow beneficial effects through the transient col-
onization of more proximal parts of the gut. Finally, as the gut
translocation of probiotic microorganisms is probably negligible,
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and potentially absorbed by the gut epithelium, as well as the direct
modulation of the epithelial cell in contact with bacteria have to be
considered as possible mechanisms for the development of local or
systemic effects of probiotic microorganisms. 
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