
ABSTRACT In the past century the beneficial roles of non-
pathogenic bacteria in the intestinal lumen were described. In the
past decade there has been a dramatic increase in scientific work
supporting the concept that there are clinical benefits to ingest-
ing specific nonpathogenic organisms (probiotics). The potential
benefits of modifying the intestinal flora composition of certain
high-risk groups, eg, premature infants, travelers, and children
receiving antibiotics, are emerging in the literature. Studies doc-
umenting prophylactic and therapeutic benefits in acute viral gas-
troenteritis and in atopic disease point not only to the potential
applications, but also to the fact that the mechanisms of action of
these agents may be due to their interaction with the gut as an
immunologic organ. The benefits documented thus far are of
varying degree and are most likely dependent on the number of
agents, the dose, the dosing patterns, and the characteristics of the
host and its underlying luminal microbial environment. Conse-
quently, the safety and specification of a particular probiotic
agent and methods of delivery to a particular population for a par-
ticular purpose should be carefully documented before making
broad recommendations. The cost-benefit assessment of adding
probiotics to our diet for prophylactic or therapeutic purposes, as
well as better regulation of these agents as commercial products,
is also needed. Am J Clin Nutr 2001;73(suppl):1147S–51S.
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INTESTINAL FLORA AND OUR ENVIRONMENT

The lumen of the intestine is in a continuum with the environ-
ment. A substance that is ingested and not absorbed by the gut
mucosa will travel through the lumen without traversing any
human cell membrane and be returned to the environment. The
intestine has evolved into an organ that can propel what we eat
through the lumen: our diet is that part of our immediate envi-
ronment with which we exchange water, minerals, and nutrients
via its digestive and absorptive capabilities. In addition, it serves
the function of a barrier against those components that may not
be of benefit to us, a significant part of which is composed of
microorganisms. We live in a heavily contaminated bacterial
environment. After the discovery of pathogenic bacteria as a cause
of numerous infectious conditions, we began a relentless battle
against these pathogens, sterilizing our food supply and arming
ourselves with an ever-growing arsenal of antimicrobials, which

these organisms eventually learned to resist. An innocent victim
of this war is that component of our nonpathogenic bacterial
environment that may actually be beneficial to us. As a species,
we are clearly outnumbered and a symbiotic relation is not only
inevitable but necessary. A human individual has more prokary-
otic organisms associated to skin, lung, and gut surfaces than to
human eukaryotic cells.

It was after the description of pathogens that we began recog-
nizing the potential benefits of this symbiosis. Later, we clearly
established the importance of the intestinal flora in the mainte-
nance of the gut luminal milieu and its effects on intestinal epithe-
lium, mucosal integrity, and vitamin and nutrient metabolism and
absorption. Consequently, a logical, albeit simplistic approach to
the situations that alter our gut microbial environment (eg, diet and
environmental changes and antibiotic use) would be to deliber-
ately increase our association with specific nonpathogenic organ-
isms to counter such an enviromental alteration.

Conceptually, the use of these nonpathogenic probiotic agents
constitutes a purposeful attempt to modify the relation with our
immediate microbial environment in ways that may benefit our
health. We review here several of the clinical applications that
have been documented for such agents.

LACTOSE MALABSORPTION

Mammals are born with sufficient lactase activity to use the
lactose in the milk from their mothers. There is a reduction of
lactase activity in the intestinal brush border of mammals as
they age after weaning. The ingestion of dairy products con-
taining lactose leads to signs and symptoms of lactose intoler-
ance, eg, increased abnormal gas, bloating, flatus, abdominal
pain, and diarrhea (1). When consumed as a supplement with
dairy products or as part of cultured dairy foods, most nonpath-
ogenic bacteria, many of which are used in the fermentation of
milk products, including several strains of Lactobacillus (eg,
Lactobacillus bulgaricus) and Streptococcus thermophilus, can
exert their lactase activity in vivo in the gut lumen, thus facili-
tating digestion and alleviating intolerance. This has been well
shown in both adults and children (2–4).
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INTESTINAL FLORA IN INANTS AND PROBIOTICS
Breast-feeding infants protects them from infectious disease.

There are multiple mechanisms that can explain such protec-
tion. However, given the fact that the cellular and humoral
components of human milk may have an effect in modulating
the composition of the intestinal flora, a fair amount of atten-
tion has been given to the differences in intestinal flora
between breast-fed and bottle-fed children. Although there are
wide individual and population variations, bifidobacteria gen-
erally constitute a significant component of normal intestinal
flora in breast-fed infants (5, 6). Some factors in breast milk
that may enhance the selective growth of bifidobacteria
include the presence of N-acetylglucosamine, glucose, lacto-
ferrin, galactose, and fructose, and other not as well-described
bifidogenic factors (7–9). Breast-feeding can also affect the
occurrence and virulence of colonizing pathogens (10–12).
Thus, although the mechanisms have yet to be fully elucidated,
it appears that a combination of increased bifidobacterial
counts and decreased concentrations of other enterobacteria
and luminal host factors may play a role in protecting prema-
ture babies and newborns from diarrheal disease.

Modification of the intestinal flora by increasing the predom-
inance of specific nonpathogenic bacteria would seem a reason-
able means of attaining a prophylactic or therapeutic effect
against enteropathogens. Lactobacillus GG can colonize the gut
of premature infants, but had little effect on enterobacteria,
yeasts, or staphylococci in small observational studies (13, 14).
A recent trial documented a reduction of necrotizing enterocoli-
tis in a population of premature newborns given a supplement of
Lactobacillus GG daily compared with historical control sub-
jects (15). Prospective studies examining this possible applica-
tion are in progress.

DIARRHEA

Clostridium difficile diarrhea

Several investigators reported the resolution of recurrent
Clostridium difficile diarrhea with oral supplementation of Lac-
tobacillus GG and Saccharomyces boulardii in adults (16, 17)
and children (18, 19); other Lactobacillus strains did not have
the same effect (20). Prospective controlled studies are needed to
confirm the efficacy of probiotics for this application.

Traveler’s diarrhea

Lactobacillus GG was found to be effective in the prevention
of traveler’s diarrhea in some studies (21) but the effect may not
be uniform or consistent, depending on the geographic area or
populations studied (22). Other lactobacilli preparations have
not produced any significant, positive results (23) and S. boulardii
may have only a marginal effect (24). The many variables and
varied populations involved in these studies do not allow for any
generalizations. Although the evidence may suggest a protective
effect, the variety of agents used, the difficulties involved with
measuring compliance, and the lack of etiologic documentation
of diarrhea in several of these studies make forming recommen-
dations or conclusions difficult.

Antibiotic-associated diarrhea

Antibiotics can severely disrupt gut microbial ecology. Inges-
tion of a probiotic with a prescribed antibiotic can reduce the

effect of such microbial alteration and any resulting changes in
stool consistency and frequency. Several reports, and more
recently a few controlled studies, showed the efficacy of sev-
eral agents in the management of non–C. difficile, antibiotic-
associated diarrhea. Agents used included Enterococcus faecium
SF68 (25), Lactobacillus GG (26, 27), Lactobacillus aci-
dophilus, L. bulgaricus (28, 29), and S. boulardii (30, 31). In
general, these agents reduced the changes in bowel habit,
decreasing the changes in stool consistency and the duration of
loose stools associated with antibiotic use.

Treatment of diarrheal disease in children

The best-established benefit of using probiotic agents has
been in the management of acute pediatric diarrheal disease.
Several large and well-controlled studies showed a significant
decrease in the duration of diarrhea in children who received
Lactobacillus GG, either as a supplement or in fermented milk,
early in the course of the condition (32–34). In a large multicen-
ter trial in which Lactobacillus GG was added to an oral rehy-
dration solution and given to children during a diarrheal episode
(35), there was also a significant reduction in the duration of ill-
ness; similar results were observed with Lactobacillus reuteri
(36). In 2 controlled trials, S. boulardii administration amelio-
rated the purge during acute diarrheal illness (37, 38). Very few
studies have compared the effect of several probiotic agents. In
one study, Lactobacillus GG was shown to be more effective
when compared with Lactobacillus rhamnosus or a combination
of S. thermophilus and Lactobacillus delbruckii (39).

In general, depending on the definitions used for diarrhea and
duration of illness, the use of probiotics during an episode
resulted in a shortened course of illness of 1–3 d, with varying
decreases in purge. In addition, the efficacy appears to be greater
in diarrhea of viral etiology. The beneficial effect (as it refers to
clinical indexes) was shown to be accompanied by a greater
immunoglobulin A–antibody secreting response (40) and less
rotaviral shedding (34, 39) in children treated with these agents
than in children treated with placebo.

Few negative studies have been reported. Streptococcus salivar-
ius ssp., S. thermophilus, and L. delbruckii, were not efficacious in
ameliorating diarrhea in hospitalized children (41) and a commer-
cially available bifidus yogurt and oral preparations of bifidobacte-
ria did eradicate Campylobacter jejuni from stools in children with
enteritis, although this occurred less rapidly than it did in patients
treated with standard erythromycin (42). It is becoming evident
that different strains may have different potential benefits.

Most studies of the management of acute diarrhea have been
conducted in relatively healthy and stable populations. Further
studies are needed in children with protracted diarrhea or other risk
factors, including immune deficiencies. Finally, cost-benefit analy-
ses of the effects shown still need to be done, taking into account
the agent, the vehicle (eg, supplementation as freeze dried powder
and oral rehydration solutions), and the population targeted.

Prevention of diarrheal disease in children

The regular consumption of specific probiotic agents over
extended periods of time (weeks to months) was shown to
decrease the incidence of acute diarrhea in several well-designed
trials. Supplementation of an infant formula with bifidobacteria
and S. thermophilus resulted in a decreased incidence of diar-
rheal disease and rotaviral shedding in a population of chroni-
cally hospitalized children over 17 mo (43). Other similar stud-
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ies in hospitalized children are in progress. In a large, well-con-
trolled study, children in an underprivileged periurban area had a
lower incidence of diarrheal disease with the regular administra-
tion of a daily dose of Lactobacillus GG, 6 d a week for 15 mo
(44). The effect was evident only in non-breast-fed infants. Other
similar studies in high-risk populations are in progress.

Although few in number, long-term studies involving spe-
cific strains of bifidobacteria and lactobacilli, such as the ones
mentioned above, suggest the prophylactic potential and safety
of such probiotics. For the purpose of long-term prophylactic
use, incorporating these agents into the food supply would
seem to be a better alternative to daily individual supplementa-
tion. Cost-benefit analysis for specific populations and high-
risk groups and methods of delivery (eg, infant formula) need
to be considered.

BACTERIA COMPARED WITH VIRUSES

The fact that these orally ingested bacterial agents show a pro-
phylactic and therapeutic effect against intestinal viruses sug-
gests that this effect is most likely mediated through the stimu-
lation of gut-associated lymphoid tissue, which results in an
increased humoral antigenic response. The increased immuno-
genicity of rotavirus vaccine when administered with lactobacilli
(45) and the clinical observations of decreased rotaviral shed-
ding in populations receiving probiotics, therapeutically or pro-
phylactically, suggests this type of response. The potential
immunologic effects induced by these agents are reviewed else-
where in this issue (46).

These findings of improved antiviral response were also
shown in animals (47). Furthermore, passive protection against
rotavirus-induced diarrhea in mouse pups born to and nursed by
dams fed Bifidobacteria breve was also shown (48). This passive
protection was associated with increased concentrations of
antirotavirus immunoglobulin A in the milk of the dams fed bifi-
dobacteria and immunized orally with rotavirus. These observa-
tions suggest numerous potential applications for probiotic use,
such as to heighten the immunologic response to vaccines,
potentially decreasing the necessary number of boosters, and to
further enhance the natural passive protection of breast feeding
by maternal ingestion of probiotics.

ATOPIC DISEASE

The traditional approach to food hypersensitivity, of which
atopic disease is a manifestation, has been the elimination of
potential protein offenders in the diet. This has lead to the use of
elimination diets and to the development of increasingly ele-
mental formulations for this purpose. Both approaches are diffi-
cult to implement and as costly. Intestinal microflora can con-
tribute to the processing of food antigens in the gut and
probiotics could modify the structure of potential antigens and
reduce their immunogenicity. Moreover, gut microflora con-
tribute to the generation of a T helper population amenable to
oral tolerance induction, as discussed elsewhere in this issue
(46). This offers a new therapeutic approach to the management
of hypersensitive disorders. The results of the first prospective
studies are now available, which show a significant improvement
of atopic dermatitis in children (49) and markers of allergic
response in children and adults (50, 51) with the use of lacto-
bacilli and bifidobacteria.

CLINICAL SAFETY AND TOLERANCE OF PROBIOTICS
Fermented dairy and cereal products have been consumed

for centuries. Over the past few years, young children have
exponentially increased their consumption of fermented milks
(yogurts) with no record of apparent adverse events. A recent
review identified 143 human clinical trials using multiple pro-
biotic agents between 1961 and 1998, involving > 7500 sub-
jects with no adverse events reported (52). Nevertheless, it is
important to establish the safety of long-term probiotic con-
sumption by the general public and by high-risk groups if spe-
cific recommendations and indications are to be made. Few
studies have closely followed large populations for long peri-
ods of time and monitored adverse events (45, 53). Intakes of
106–109 colony-forming units daily of bifidobacteria and lacto-
bacilli for ≤ 1 y resulted in no observed adverse effects. In addi-
tion, children receiving bifidobacteria not only tolerated the
agent well from a gastrointestinal point of view, but generally
experienced less-frequent and less-hard bowel movements and
a decreased frequency of diaper rash (54). Although only very
rare instances of bacteremia from lactobacilli have been
reported, most such studies have not documented the occur-
rence by products or agents currently in the food supply. In
addition, it is impossible in most such cases to determine
whether this was not lactobacilli bacteremia from translocation
of the individual’s own native colonic flora, which frequently
contains certain components of lactobacilli. In summary, most
lactobacilli and bifidobacteria used in the food industry, as well
as the better-studied lactobacilli and bifidobacteria reported in
clinical trials, appear to be safe for the general adult and pedi-
atric populations.

With regard to doses, the use of multiple probiotic strains and
the many doses and dosing patterns result in making generaliza-
tions difficult. The range of doses reported is quite broad. It is
generally considered that doses between 106 and 109 colony-
forming units daily are required and most clinical trials use doses
within these ranges. It is important that the specific strains and
dosing patterns are clearly reported and that there is adequate
quality control to ensure the possibility of ultimate recommen-
dations of a specific agent for a specific purpose.

Finally, contributing to the difficulties of recommending pro-
biotic agents for clinical application is the lack of regulation and
standardization. Many over-the-counter probiotics now widely
available in health food stores are neither reliable nor effective as
remedies (55). They are sold under the general umbrella of pro-
biotics, with disguised or sometimes overt claims. Difficulties
related to the claims that can be made for a food component, eg,
a probiotic in fermented milk, in terms of disease prevention or
amelioration, compound the problem. The general category of
these functional foods or food components has established the
need to revise these claims processes and definitions. Sensible
regulation of products and claims, and responsible actions by the
industry, are critical to standardizing and establishing uses and
recommendations for specific probiotic strains.

CONCLUSIONS

Probiotics are clearly established as an adjuvant in the man-
agement of lactose malabsorption and acute diarrhea, particu-
larly acute infant diarrhea viral etiology. Probiotics may also
have a prophylactic effect in terms of decreasing the incidence
of illness when taken regularly, the effect of which appears to
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be greater in high-risk populations (eg, children who are hos-
pitalized, non-breast-fed, or living in underprivileged condi-
tions). The documented therapeutic effects include decreases
in duration (shorter episodes) or severity (diminution of purg-
ing) of illness. Most of these effects were statistically signifi-
cant but relatively small and documented in relatively healthy
populations. It is possible that these effects might be more evi-
dent and of greater clinical relevance in the high-risk popula-
tions, including infants and children with malnutrition, severe
malabsorption, or protracted diarrhea. Several strains have
also been proven to ameliorate the course of antibiotic-associ-
ated diarrhea.

Probiotic agents appear promising for the management of
C. difficile colitis, atopic disease, necrotizing enterocolitis, and
other gut conditions, such as inflammatory bowel disease. A signi-
ficant number of observations point to an immunomodulatory
effect as the mechanism of action of these agents. Most of the
agents currently being studied and in use appear to be safe, with
no apparent adverse effects noted in the thousands of subjects
reported or those individuals consuming fermented milk products.

Specific agents with proven efficacy and specific doses of
such agents need to be studied in double-blind, controlled trials
before specific claims are made because not all probiotic agents
behave similarly. Future studies involving the comparisons
between agents and doses, cost-benefit analyses, and efforts to
determine the exact mechanisms by which these agents yield
their effects need to be conducted.
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