
Probiotics and the gut microbiota in intestinal health and 
disease

Mélanie G. Gareau, Philip M. Sherman, and W. Allan Walker
Cell Biology Program, Research Institute, Hospital for Sick Children, University of Toronto, 555 
University Avenue, Toronto, ON M5G 1X8, Canada (M. G. Gareau, P. M. Sherman). Mucosal 
Immunology Laboratory, Gastroenterology Division, Massachusetts General Hospital for Children, 
Harvard Medical School, 114 16thStreet (114-3503), Charlestown, MA 02129-4404, USA (W. A. 
Walker).

Abstract

The use of probiotics is increasing in popularity for both the prevention and treatment of a variety 

of diseases. While a growing number of well-conducted, prospective, randomized, controlled, 

clinical trials are emerging and investigations of underlying mechanisms of action are being 

undertaken, questions remain with respect to the specific immune and physiological effects of 

probiotics in health and disease. This Review considers recent advances in clinical trials of 

probiotics for intestinal disorders in both adult and pediatric populations. An overview of recent in 

vitro and in vivo research related to potential mechanisms of action of various probiotic 

formulations is also considered.

Introduction

The human gut is a natural reservoir for numerous species of microorganisms. A mutualistic 

relationship between beneficial symbionts and commensals is important for the maintenance 

of health and wellbeing; alterations in this balance leads to dysbiosis and ultimately clinical 

disease expression.1 This ‘symbiotic ecosystem’ is very complex2 and the largest 

consortium of microorganisms is located in the lumen and outside mucus layer of the colon. 

This microbial ecosystem has the ability to function as a ‘virtual’ organ system3 that aids 

host nutrition and maintenance of homeostasis. The fact that the gut microbiome contains 

150 times the genetic content of the human body4 is a testament of its importance and 

highlights the need to understand it better. This Review considers recent advances in clinical 

trials of probiotics for intestinal disorders in both adult and pediatric populations. In vitro 
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and in vivo research related to potential mechanisms of action of various probiotic 

formulations is also discussed.

Colonization and diversity

Humans are naturally colonized at birth with microorganisms that inhabit the skin, oral 

cavity, vagina and gastrointestinal tract.5 Development of the microbiota occurs in early 

infancy, and is influenced by route of delivery (vaginal versus caesarean section), 

gestational age (prematurity versus full term), and use of antibiotics in the perinatal period, 

especially in the neonatal intensive care unit setting. For example, increased intestinal 

colonization with bifidobacteria, but not lactobacilli, is associated with vaginal births 

compared with caesarean section deliveries.6 By contrast, caesarean section births are 

associated with increased colonization by Klebsiella, Enterobacter and Clostridia,7 which 

are organisms prevalent in hospital settings. Infant feeding patterns can also affect microbial 

colonization. Breastfeeding reduces intestinal permeability in human infants compared with 

formula feeding.8 Breast milk contains antibodies, antimicrobial factors, and lactobacilli,9 

each of which are important in mediating innate and adaptive immune defenses against 

microbial pathogens.10 Formula feeding is associated with an increased presence of both 

Clostridia and Bacteroides in the intestinal tract.7 Therefore, route of delivery and early life 

feeding patterns have an influence on intestinal colonization.

Early environmental exposure to microbes is fundamental in shaping an individual’s 

microbiota.11 In rodents the microbiota can be easily altered in early life, but becomes more 

resistant to change in adulthood.12 In humans, the microbiota evolves during different stages 

of life, from infancy to adulthood to old age.13 Decreased microbial diversity in infancy 

seems to be associated with an increased risk of atopic disease later in childhood.14 

Decreased diversity of the gut microbiome is a recurring theme in a variety of conditions 

that are potentially related to dysbiosis, including chronic IBD, chronic diarrhea and 

necrotizing enterocolitis. Therefore, exposure to certain bacteria in early life and changes in 

the diversity of the gut microbiome can have a profound effect on health and wellbeing 

throughout an individual’s life.

Dysbiosis

The composition of the intestinal flora fluctuates over time: for example, with intercurrent 

infections15 and treatment with oral antibiotics.16 Various disease states also have profound 

influences on the presence and levels of various bacteria normally present in the human 

microbiome. Chronic autoimmune inflammatory diseases, including celiac disease,17 type 2 

diabetes18 and obesity19 are associated with intestinal dysbiosis. IBD, in particular Crohn’s 

disease,20 and chronic diarrhea21 are conditions among those recognized to be associated 

with an altered microbial composition of the large bowel. A recent study in twins revealed 

that a reduced abundance of the commensal bacterium Fecalibacterium prausnitzii and an 

increased abundance of Escherichia coli species was associated with an ileal Crohn’s 

disease phenotype. This dysbiosis correlated better with disease phenotype than with the 

genotype of the patient.22 This finding is in contrast with a previous study, which found that 

Crohn’s-disease-associated ulceration was not linked to dysbiosis.23 Dysbiosis has been 
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shown to be associated with protracted diarrhea resulting in a reduction in F. prausnitzii and 

Bacteroides in such patients.21 The levels of these bacteria return towards normal values 

following administration of the yeast probiotic Saccharomyces boulardii.21 Although 

dysbiosis is increasingly recognized in various intestinal diseases,20,21 it remains to be 

determined whether it is, in fact, a cause-and-effect relationship.

Probiotic organisms

Numerous organisms meet the criteria established by the WHO to define a probiotic: “a live 

organism, which provides a benefit to the host when provided in adequate quantities” (Table 

1).24 S. boulardii, the Gram-negative E. coli strain Nissle 1917, various lactic-acid-

producing lactobacilli strains, and a number of bifidobacteria strains are the primary 

microorganisms classified and studied as probiotic agents. However, not all probiotics are 

beneficial in all circumstances. The careful selection of specific organisms based on desired 

clinical outcome is an effective strategy to select appropriate therapy for an ailment.25

The inadequate identification in the literature of probiotic strains prevents the verification of 

published studies and continues to be an obstacle to both investigators and the general 

population. The merit of employing a single organism versus a combination of probiotic 

strains also remains a point of ongoing contention, even among experts in the field. 

Organisms may behave differently when administered in combinations than in isolation. The 

use of probiotics in combination regimens concerns some investigators, particularly with 

respect to attempts to define the precise underlying mechanisms of action of a therapy. Such 

preparations raise the question: which organism is having what influence?

Probiotics in disease

Given that the intestinal tract is the largest reservoir of microbes in the human body, it is not 

surprising that the use of probiotic organisms in disease has been investigated extensively in 

intestinal disorders (Table 2). Multiple different putative mechanisms for the reported 

beneficial effect of probiotics in intestinal disease exist. These mechanisms differ according 

to the specific strain of probiotic organism and disease model tested, and include 

maintenance of appropriate host-microbe interactions and pathogen exclusion (Figure 1a), 

mucus secretion from goblet cells (Figure 1b), modulation of epithelial barrier function 

(Figure 1c), production of antibacterial factors (Figure 1d) and activation of the host 

adaptive immune system (Figure 1e,f).26

IBS

IBS is a heterogeneous condition often diagnosed by exclusion of other underlying diseases, 

including IBD. Symptoms include abdominal pain, bloating and altered bowel habits 

(constipation, diarrhea, or alternating between both). IBS is associated with increased 

intestinal permeability, altered motility, visceral hypersensitivity, altered bacterial 

colonization, as well as extraintestinal manifestations, including concomitant anxiety and 

depression.27 A subgroup of individuals who develop IBS symptoms after an episode of 

acute enteric infection (commonly Campylobacter, nontyphoidal Salmonella and 
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enterohemorrhagic E. coli O157:H7 [EHEC] infections) are categorized as having 

postinfectious IBS.28

The use of probiotics for the treatment of patients with IBS remains controversial. Patients 

with IBS treated with Bifidobacterium infantis, strain 35624, but not Lactobacillus 

salivarius, strain UCC4331, reported improved quality of life and reduced abdominal pain 

and bloating in the absence of changes in stool consistency. These improvements in clinical 

symptoms were associated with increased production of the immunomodulatory cytokine 

interleukin (IL)-IO in isolated peripheral blood mononuclear cells in vitro.29 A study in 

women with IBS revealed that treatment with B. infantis, strain 35624, reduced abdominal 

pain, bloating, bowel dysfunction, incomplete evacuation, straining, and gas, compared with 

placebo after 4 weeks of therapy30 Altered gut motility was ameliorated in another study of 

Bifidobacterium lactis, strain DN-173-010, in patients with IBS. Patients with constipation-

predominant IBS who received this probiotic demonstrated less abdominal distension and 

increased colonic transit times compared with patients who received placebo.31 These 

findings are supported by a multicenter, randomized, double-blind, controlled trial using 

Bifidobacterium animalis, strain DN-173 010. This trial reported an improved health-related 

quality of life score in patients with constipation-predominant IBS.32 In a systematic review 

of the literature, various lactobacilli species, when taken either alone or co-administered 

with bifidobacteria, resulted in an improvement in symptoms in patients with IBS.33 

However, it is important to acknowledge that the appropriateness of the design of studies has 

been criticized.34 Given the heterogeneity of IBS, research that focuses on the use of 

probiotics for specific IBS subgroups and for specific IBS-related symptoms is probably the 

best way forward.

Mechanisms of action in IBS

Epithelial barrier function

Early life stress in neonatal rats followed by acute psychological stress in adulthood is 

described as a rodent model of IBS.35 This early life stress, resulting from short periods of 

maternal separation, alters bacterial colonization in the colon of neonatal rats36 and this 

dysbiosis is sustained into adulthood.37 Oral administration of Lactobacillus helveticus, 

strain R0052, and Lactobacillus rhamnosus, strain R0011, to neonatal rats that have been 

exposed to early life stress restores the normal microbiota and prevents stress-induced 

dysfunctions in colonic epithelial barrier function in adult animals.36 This finding is 

attributable, in part, to normalization of the hypothalamus-pituitary-adrenal axis, although 

the precise mechanism is unknown at this time. Chronic psychological stress in rats, such as 

daily exposure to 1 h of water avoidance, is also shown to be detrimental with respect to gut 

epithelial barrier function and altered bacteria–host interactions.38 These changes can be 

ameliorated by the administration of a mixture of L. helveticus, strain R0052, and L. 

rhamnosus, strain R0011.39 The precise mechanisms by which these probiotics maintain gut 

epithelial barrier function and prevent intestinal dysbiosis remain to be determined.
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Visceral hyperalgesia and motility

Another common symptom of IBS, abdominal pain, occurs due to altered visceral 

perception. A study conducted in a mouse model of chronic colonic hypersensitivity 

describes modulation of the murine microflora with Lactobacillus acidophilus, strain 

NCMF, to induce opioid and cannabinoid receptor expression on intestinal epithelial cells 

and restore normal perception of visceral pain.40 In a Trichinella spiralis mouse model of 

IBS, antibiotic-induced visceral hypersensitivity and postinfective muscle hypercontractility 

are reported to be prevented by treating the animals with Lactobacillus paracasein strain 

NCC2461.41,42 Furthermore, administration of Lactobacillus reuteri to rats following 

colorectal distension decreases visceral pain through effects on colonic afferent nerve fibers 

present in dorsal root ganglia, eliminating cardio-autonomic responses.43 In addition, stress-

induced increased Fos protein expression following colorectal distension in rats is reduced 

after treatment with Lactobacillus farciminis, strain CIP 103136.44 Taken together, these 

studies highlight the fact that maintenance of epithelial barrier function, changes in gut 

motility and modulation of visceral pain sensitivity are potential underlying mechanisms of 

action of probiotics in the setting of stress and IBS.

IBD

In IBD, including Crohn’s disease and idiopathic ulcerative colitis, altered gut permeability, 

mucosal inflammation and ulceration are present45 Consequently, the use of anti-

inflammatory agents and, more recently, biologic agents directed against proinflammatory 

mediators, such as tumor necrosis factor (TNF), are primary therapeutic options. The 

intestinal microbiota in patients with IBD seems to drive an overactive immune response, 

leading to disease expression and concurrent morbidity.46 The potential for probiotics to 

modulate the microbiota, provide beneficial immunomodulatory effectors, and restore 

epithelial barrier defects suggests that a probiotic strategy might prove a viable future 

treatment option for patients with IBD.

There is increasing evidence that an altered gut microbiota has an important role in the 

pathogenesis of IBD, particularly Crohn’s disease. For example, the abundance of F. 

prausnitzii, an anti-inflammatory commensal organism, is decreased in patients with 

Crohn’s disease compared with healthy individuals.47 Absence of this commensal organism 

in the colonic microflora is also associated with an increased risk of disease recurrence 

following surgical resection in these patients.47 In addition, adherent-invasive E. coli 

(AIEC) strains are identified with increased frequency in patients with ileal Crohn’s disease 

compared with healthy individuals.48 This finding is supported by increased AIEC receptor 

(carcinoembryonic antigen-related cell adhesion molecule 6, CEACAM6) expression in 

intestinal biopsy samples from patients with ileal Crohn’s disease compared with samples 

from healthy controls.49

In practice, however, studies of probiotics in patients with IBD have yielded mixed results 

with the selection of strains and disease phenotype studied varying considerably50 Despite 

this, a recent review article indicates a beneficial effect of probiotics for the treatment of 

ulcerative colitis with pouchitis, but not for the treatment of Crohn’s disease.50 The 

beneficial effect observed using a combination of eight probiotic bacteria, VSL#3 
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(Lactobacillus casei, L. plantarum, L. acidophilus, Lactobacillus bulgaricus, 

Bifidobacterium longum, Bifidobacterium breve, B. infantis and Streptococcus salivaris 

subspecies thermophilus), in this setting may be, at least in part, mediated by an increase in 

localized FoxP3 expression.51 This suggests probiotic stimulation of the regulatory T cell 

(TREG cell) adaptive immune response. In addition, VSL#3 administration is reported to 

induce remission in patients with ulcerative colitis, as measured by disease activity index.52 

Additional studies are required to clearly define the precise roles and settings where the use 

of probiotics should be considered in patients with IBD.

Mechanisms of action in IBD

Preclinical studies to delineate the mechanisms responsible for the beneficial effects of 

probiotics in IBD have been undertaken both in vivo and in vitro. Animal studies have 

focused on models of colitis induced by a variety of compounds, including dextran sodium 

sulfate (DSS), dinitrobenzene sulfonic acid (DNBS), trinitrobenzene sulfonic acid (TNBS), 

or alternatively infection with Citrobacter rodentium. In addition, genetic animal models 

exist including the IL-10 gene knockout and SAMPl/YitFc (SAMP) mouse, which both 

spontaneously develop colitis.

Pathogen exclusion

Although no single enteric pathogen is associated with the development of disease,53 

changes in the gut microbiota have been associated with IBD.54 AIEC strains, isolated from 

patients with Crohn’s disease, have the ability to bind to and invade intestinal epithelial 

cells. Such bacteria are significantly inhibited by L. casei, strain DN-114 001, which 

prevents interaction between bacteria and epithelial cells in vitro.55 Studies using the C. 

rodentium mouse model of infectious colitis indicate that pretreatment with L. helveticus, 

strain R0052, and L. rhamnosus, strain R0011, leads to the amelioration of disease activity, 

in part due to a reduced attachment of the pathogen to colonic epithelial cells.56 Treatment 

with the yeast probiotic S. boulardii also ameliorates C. rodentium-induced colitis in mice 

by maintaining intestinal epithelial barrier function and by preventing attachment of the 

pathogen to colonic epithelial cells.57

Epithelial barrier function

Maintenance of gut epithelial barrier function is important to prevent luminal antigens from 

entering the body and systemic circulation. Probiotics can be used to maintain normal 

intestinal epithelial barrier function. In some cases, conditioned medium, whereby secreted 

products from bacteria are filtered away from the live organisms and then applied in vitro or 

in vivo, is sufficient to demonstrate a beneficial effect. For example, conditioned culture 

medium derived from B. infantis is shown to increase transepithelial electrical resistance 

(TER) in polarized intestinal epithelial cells in vitro and prevents cytokine-induced drops in 

TER, indicating that this organism secretes a bioactive factor.58 TER is a measure of the 

integrity of the polarized epithelial barrier; an increase in TER correlates with improved 

integrity of the barrier. In a mouse model of DSS-induced colitis, E. coli, strain Nissle 1917 

upregulates zona-occludens 1 expression in apical tight junctions in intestinal epithelial 

cells, resulting in reduced gut leakiness and enhanced mucosal integrity59 Similarly, 
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administration of the probiotic mixture VSL#3 to mice maintains apical tight junction 

integrity in colonic epithelial cells by preventing decreased expression and redistribution of 

apical tight junction proteins in the setting of DSS-induced colitis.60 The beneficial effect of 

some probiotics does not require the presence of live bacteria. Heat-killed L. rhamnosus, 

strain OLL2838, has been shown to protect against mucosal barrier permeability defects in 

mice with DSS-induced colitis.61

Adaptive immunity

Some probiotics activate anti-inflammatory and regulatory immune effects in the settings of 

enteric infections and mucosal inflammation. In vitro studies with Shigella flexneri, an 

invasive Gram-negative bacterium that causes dysentery in humans, showed that L. casei, 

strain DN-114 001, attenuates the proinflammatory signal transduction cascade that is 

activated by the pathogen via inhibition of the NFκB signal transduction pathway62 The 

probiotic E. coli, strain Nissle 1917, induces and maintains anti-inflammatory effects on 

colonic epithelial cells by inhibiting TNF-induced CXCL8 secretion in a contact-

independent manner.63 This feature is unique to this probiotic and was not observed with 

use of a laboratory E. coli, strain K12, which had no antiinflammatory properties in this 

setting.63 In contrast to the L. casei study, the inhibitive effects of E. coli, Nissile 1917 

occurred in the absence of transactivation via NFκB signaling, which suggests an anti-

inflammatory role for probiotics in the context of enteric infection and cytokine activation in 

epithelial cells. However, the exact role of NFκB signaling as a mediator of the effects of 

probiotics still remains to be precisely determined.

In mouse models of IBD, L. acidophilus, strain Bar 13, and B. longum, strain Bar 33, used in 

combination increase the expansion of TREG cells and reduce the number of intraepithelial 

lymphocytes in TNBS-induced colitis.64 In mice with DNBS-induced colitis, oral 

administration of L. casei, strain DN-114 001, alleviates disease severity, reflected by an 

increase in body weight and reduced mucosal inflammatory scores. These effects were 

attributed to the induction and expansion of colonic CD4+FoxP3+ TREG, cells present in the 

intestinal lamina propria.65 Some probiotic strains induce regulatory dendritic cells to 

promote CD4+FoxP3+ TREG cells to home to the site of inflammation, triggering an anti-

inflammatory, regulatory immune response.66 Studies in neonatal mice demonstrate that 

modulation of the host immune response in early life by the oral administration of L. 

acidophilus, strain NCFM to prime dendritic cells can either prevent or attenuate C. 

rodentium-induced colitis in adult animals.67 Administration of Bacillus polyfermenticus as 

a probiotic agent ameliorates both DSS-induced and TNBS-induced colitis in mice, via the 

suppression of apoptosis and by enhancing epithelial cell proliferation in the colon.68 

Similarly, L. casei, strain DN-114 001, has been shown to reduce T-cell apoptosis and 

cytokine production in vitro in specimens of intestinal tissue from patients with ileal Crohn’s 

disease.69,70

Administration of L. plantarum, strain 299V, prevents spontaneous colitis development in 

IL-10−/−mice.71 Treatment with probiotic DNA, derived from the probiotic combination 

VSL#3, is also able to ameliorate colonic inflammation and overall disease activity in 

IL-10−/− mice.72 A novel mechanism of action of probiotics in IBD has been suggested by 
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use of the SAMP1/yit mouse model of IBD. Administration of VSL#3 resulted in improved 

intestinal barrier function, coupled with increased production of TNF and IκBα mRNA in 

isolated epithelial cells, indicating activation, rather than inhibition, of the NFκB signaling 

pathway73 The beneficial effect of the probiotic mixture was blocked by employing anti-

TNF therapy. This finding is contradictory to the results of a previous study that used the 

same mixture of probiotics and reported a decrease in NFκB activation.74 The use of 

different mouse models of IBD in the two studies could explain the discrepant findings, and 

indicates that the underlying mechanisms of action of probiotics depend on the nature of the 

disease that is being treated (Figure 1f).

Probiotics in pediatrics

IBS and IBD

Similar to the results of studies in adults, children with IBD have been found to have a 

higher number of mucosa-associated facultative anaerobic and aerobic bacteria in the 

intestine and colon compared with healthy individuals.75 Two randomized, controlled trials, 

using the VSL#3 probiotic combination in pediatric patients with ulcerative colitis, have 

demonstrated the safety and efficacy of this preparation in maintaining disease remission 

compared with placebo.76,77 In children with IBS, a crossover trial reported that treatment 

with VSL#3 improved subjective symptoms and reduced abdominal pain and discomfort or 

bloating and gas compared with placebo.78 It is clear, however, that before probiotics can be 

considered as conventional therapy in children with IBS or IBD, more precise mechanisms 

of action for both the organism employed and the disease subtype being treated are 

required.79

Necrotizing enterocolitis and preterm infants

Necrotizing enterocolitis is a severe enterocolitis, which affects preterm infants and has both 

serious morbidity (intestinal perforation, intestinal stricture, and sepsis) and a high mortality 

rate.80 Although the precise underlying etiology of this disease remains unknown, altered 

microbial colonization, formula feeding, and neonatal stress are each thought to be involved 

in its pathogenesis.81 A retrospective study of very low birth weight premature infants 

showed that prolonged antibiotic treatment in the first days of life increases the risk of 

developing necrotizing enterocolitis and subsequent death.82 This finding highlights the role 

of an altered gut micro-biota in disease pathogenesis. 16S rRNA sequencing has shown a 

significant reduction in fecal microbial diversity in infants with necrotizing enterocolitis 

compared with unaffected preterm babies.83 Three meta-analyses84–86 indicate that probiotic 

supplementation in preterm infants significantly reduces the incidence of both severe 

necrotizing enterocolitis and mortality, but does not have any apparent long-term adverse 

effects on growth and neurodevelopmental outcomes; at least up to 3 years of age. These 

findings are supported by the results of a large multicenter trial conducted in Taiwan.87 

Comparable studies undertaken in neonatal intensive care units in North America are now 

awaited with anticipation.

Premature newborns are susceptible to infectious complications, including bacteremia, 

sepsis, and meningitis. Preterm babies have delayed gut colonization and an increased risk 
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of colonization with pathogens compared with full-term newborns;81 this finding may be 

due to the liberal use of antibiotics and the requirement for early medical interventions in 

preterm infants. Oral supplementation with lactoferrin (an innate immune defense compound 

present in breast milk) either alone or in combination with L. rhamnosus GG (LGG) 

significantly reduces the development of sepsis in preterm neonates.88 Treatment with 

probiotics also reduces the time to reach full enteral feeding in premature infants born 

weighing more than 1,000 g.89 Supplementation with probiotics in this high-risk group may 

also provide beneficial outcomes in terms of overall growth and in reducing the 

development of disease during a period of altered microbial colonization in hospitalized 

premature infants. Despite these promising findings, a recent retrospective study failed to 

show a beneficial effect of LGG in preventing necrotizing enterocolitis in Finnish babies.90 

Taken together, these findings suggest that more research regarding modes of delivery of 

probiotics and specific probiotic strains is needed in premature infants at risk of developing 

necrotizing enterocolitis and its complications.

Mechanism of action in necrotizing enterocolitis—In a rat model of necrotizing 

enterocolitis, which involves early delivery by cesarean section, stress, and formula feeding, 

probiotics are reported to improve disease outcome.91 Supplementation with 

Bifidobacterium bifidum, strain OLB6378, is associated with reduced mucosal 

inflammation, improved intestinal integrity, and enhanced intestinal epithelial barrier 

function.91 Furthermore, LGG administration protects the immature intestine epithelium 

from undergoing apoptosis by upregulating cytoprotective gene expression.92 Taken 

together, these data indicate that reduced bacterial translocation, amelioration of intestinal 

epithelial barrier defects and decreased apoptosis in the face of exogenous stressors are 

underlying mechanisms of action of probiotics that prevent the occurrence of necrotizing 

enterocolitis in high-risk premature neonates.

Infectious and noninfectious diarrhea

Clostridium difficile infection

Clostridium difficile infection is a prevalent and increasingly severe nosocomial infection.93 

While the organism can remain latent in many patients, those receiving antibiotics have an 

increased risk of developing diarrhea and pseudomembranous colitis. Probiotics have been 

used prophylactically in an effort to reduce C. difficile-associated diarrhea in elderly 

hospitalized patients.94 A meta-analysis has found that probiotics reduced the frequency of 

acute diarrhea in C. difficile-infected patients.95 S. boulardii, but not the Gram-positive 

probiotics LGG and L. plantarum, have been reported to protect against the development of 

C. difficile-associated diarrhea and prevent disease recurrence.96 Although controversial,97 

treatment with S. boulardii seems to be particularly effective for secondary prevention of 

disease in specific patient populations at risk for recurrent C. difficile infection.98

Antibiotic-associated diarrhea

Treatment with antibiotics disrupts the host micro-biota,99 resulting in loose stools and 

diarrhea. To counter this imbalance, daily oral intake of L. plantarum, strain 299v, in 

patients treated with oral antibiotics for management of an intercurrent infection reduces the 
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severity of intestinal symptoms compared with placebo.100 In a pediatric population, oral L. 

rhamnosus prevented diarrhea arising from antibiotic treatment.101 A recent meta-analysis 

of S. boulardii administration in adults also indicates therapeutic efficacy in the prevention 

of antibiotic-associated diarrhea.102

Infectious diarrhea

Acute enteritis and enterocolitis commonly occur following the consumption of 

contaminated foods or water. Administration of Bacillus mesentericus, Enterococcus fecalis, 

and Clostridium butyricum to children hospitalized with acute diarrhea has been shown to 

reduce both the severity and duration of diarrhea compared with placebo.103 Improvement in 

diarrheal disease in this study cohort was accompanied by increased fecal counts of 

Lactobacillus and bifidobacteria and an altered anti-inflammatory cytokine profile 

(increased IL-10 and decreased TNF-α) in serum samples.103 In healthy children, a 

multicenter trial of supplementation of yoghurt with L. casei, strain DN-114 001 

demonstrated a beneficial effect of this organism on reducing the frequency and duration of 

diarrhea compared to the consumption of traditional yogurt.104,105 Meta-analyses, three 

using a variety of probiotics106–108 and two using single organisms,109,110 indicate a 

reduced risk and a decreased duration of diarrhea in children who have received probiotic 

treatment. Adherence of probiotic strains to the surface of intestinal epithelial cells can 

physically impede pathogen access to the apical surface, effectively reducing pathogenic 

burden. This competitive exclusion is supported by in vitro studies in which pretreatment of 

intestinal epithelial cells with L. helveticus, strain R0052, inhibits invasion by 

Campylobacter jejuni.111 Therefore, the use of probiotics following consumption of 

contaminated foodstuffs functions to limit intestinal disease by restoring the gut microbiota 

and reducing pathogen adherence.

Mechanisms of action in infectious diarrhea

Probiotic-produced antimicrobial factors—Certain probiotics produce antibacterial 

factors, which aid their ability to outcompete undesired organisms. Bacteriocins are one 

such factor; these small heat-stable peptides inhibit the growth of other bacteria, including 

enteric pathogens. Oral infection of mice with the invasive foodborne bacterial pathogen 

Listeria monocytogenes results in rapid colonization and activation of innate immunity with 

pathogen clearance via activation of T cells within 14 days. Mice pretreated with L. 

salivarius, strain UCC118, are protected from Listeria infection, as evidenced by reduced 

pathogen translocation to the liver and spleen in a manner that is dependent on the 

production of a bacteriocin.112

Surface-layer proteins are glycoproteins present on the cell surface of some lactobacilli. L. 

acidophilus, strain NCFM, has a surface-layer protein A, which, when mutated, results in 

loss of the ability of the probiotic to bind to the dendritic cell receptor, DC-SIGN, induce an 

immunoregulatory phenotype (TREG) and promote mucosal homeostasis.113 Surface-layer 

proteins on L. helveticus, strain R0052, prevent EHEC O157:H7 binding to epithelial cells in 

vitro.114 Other probiotics, including an E. coli preparation, induce the production of human 

beta defensin 2 and have potent antimicrobial activity in vitro.115
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Epithelial barrier function and immunity—In cell culture experiments, probiotics 

prevent the detrimental effects of infection with various human pathogens on epithelial 

barrier function. For example, EHEC O157:H7 is an attaching and effacing, noninvasive 

bacterial pathogen that causes hemorrhagic colitis in humans by hijacking the host cell 

signal transduction machinery. L. helveticus, strains R0052 and LGG both prevent EHEC-

induced increases in epithelial permeability (and decreases in TER), and maintain epithelial 

barrier function by reducing bacterial adhesion, preventing cytoskeleton rearrangements116 

and preserving the architecture of intercellular apical tight junctions.117

Treatment with probiotics increases the survival of neonatal mice infected with C. 

rodentium.118 Reduced mortality in this model of infection in early life is mediated by T 

cells and their regulation of epithelial barrier function, although the specific subset of T cells 

involved in this process remains to be determined.118 Maintenance of epithelial barrier 

function by probiotics following pathogen infection, therefore, can prevent systemic 

infection and shorten disease duration. In a Salmonella typhimurium infection mouse model, 

treatment with B. infantis, strain 35624, protects mice against the effects of infection, 

resulting in improved disease score and reduced bacterial translocation.119 This protection 

was due to decreased NFκB activation in mice that received the probiotic compared with 

those that received placebo.

Designer probiotics

As probiotics are nonpathogenic organisms, they represent a mode of delivery for target 

compounds. Direct modulation of the mucosal immune system has been demonstrated by an 

L. lactis strain that was engineered to produce IL-10 locally in the colon. This modified 

probiotic organism has been shown to ameliorate disease in mice with DSS-induced colitis, 

and prevent disease development in IL-10−/− mouse.120 The potential for designer probiotics 

to serve as a credible therapeutic approach has been further demonstrated in a phase I 

clinical trial in patients with Crohn’s disease who were administered a strain of L. lactis that 

produced human IL-10.121 The genetically modified organism was well tolerated in all 10 

patients, but whether this strategy has a beneficial impact on disease activity remains to be 

determined. A major concern for genetically modified probiotics is biologic containment, a 

feature that has been abrogated by genetic manipulation to ensure dependence of probiotic 

growth on the availability of exogenous thymidine. This strategy limits the potential for the 

organism to spread into the environment beyond the mammalian host. Phase II and phase III 

clinical trials with the L. lactis strain that produces human IL-10 are now underway and the 

results of these studies are eagerly awaited.

Similar genetic manipulation techniques have been employed to create a trefoil factor 

(TFF)-producing L. lactis microorganism. TFFs are cytoprotective compounds that promote 

wound healing in the intestinal tract and have been used in models of gastric ulceration, 

colitis and necrotizing enterocolitis.122 Instead of traditional orogastric administration of 

TFF, which sticks to the mucus layer in the small bowel preventing its localization in the 

colon, use of the recombinant bacterium enables delivery of TFF directly to the colonic 

mucosa and results in amelioration of DSS-induced disease in mice.123
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The concept of designer probiotics has continued using other bacterial species, notably 

Lactobacillus gasseri. Biopsy specimens obtained from patients with IBD have been shown 

to have imbalances in the formation of reactive oxygen species (ROS) and antioxidant 

micronutrients, with decreases in the ROS-neutralizing enzyme superoxide dismutase 

(SOD). These findings suggest a rationale for the use of antioxidants as an alternative 

therapeutic option for patients with IBD.124 In a study of IL-10−/− mice, which 

spontaneously develop IBD, a manganese SOD gene from S. thermophilus was inserted into 

L. gasseri.125 After 4 weeks, inflammation was significantly improved in mice treated with 

this designer probiotic compared to mice treated with L. gasseri alone.125 A dietary trigger 

was recently developed to enable the control of a designer probiotic. Bacteroides ovatus, 

strain BOV975, which is a human commensal organism, was engineered to deliver human 

keratinocyte growth factor 2 in response to exposure to dietary xylan. This recombinant 

organism improved colitis in a DSS-induced mouse model of IBD.126 Taken together, these 

studies highlight the potential beneficial effects of designer probiotics.

Adverse effects of probiotics

Although generally considered safe, some studies have highlighted that probiotics may be ill 

advised in specific patient populations. For example, bacteremia,127 sepsis128 and 

meningitis129 have been described on rare occasions in children with short bowel syndrome 

and a central venous catheter on probiotics. These individuals are at increased risk of 

translocation of organisms, including viable bacteria and fungi strains that are employed in 

the clinical setting as probiotics.

A study has tested the safety and efficacy of intra-duodenal administration of a probiotic 

mixture of six bacteria in patients with severe pancreatitis who were cared for in an intensive 

care unit setting. Although initial animal studies indicated the potential for benefit,130 this 

clinical trial did not result in a reduced frequency of infectious complications of acute 

pancreatitis. Moreover, a significantly increased risk of death was reported in the population 

receiving the probiotic formulation.131 The patients who died had evidence of necrotizing 

jejunitis. This finding raises the possibility of an impaired splanchnic circulation that was 

compromised further by direct delivery of a high concentration of microorganisms into the 

proximal intestine. To date, this is the only study to associate probiotic use with an increased 

risk of death in the setting of a clinical trial. Nevertheless, it remains to be determined 

whether certain patient populations pose too great a risk for the development of serious 

complications, including sepsis, arising from the use of viable organisms in high 

concentrations. For the moment, patients with severe immune deficiencies (including 

congenital severe combined immune deficiency and HI V-induced acquired 

immunodeficiency syndromes) and those ill enough to require medical care in an intensive 

care unit should probably only receive probiotics in the setting of a carefully conducted 

clinical research protocol.

Probiotic selection

Testing for the probiotic potential of various microorganisms starts at the preclinical level 

and includes evaluations of antibiotic resistance, safety and potential efficacy132 Numerous 
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studies, both in animal models and in human clinical trials, report success in reducing the 

severity of a number of diseases by use of certain probiotic strains, but not by use of others. 

Use of in vitro systems to initially test, for example, the proinflammatory capacity of 

different potential probiotic organisms, before testing the agent in vivo, could be used to 

predict the likelihood of the probiotic having efficacy in a specific condition. For example, 

testing three different Lactobacillus strains in vitro indicated that L. paracasei has the least 

stimulatory effects on dendritic cells compared with L. plantarum and LGG.25 These 

findings led to testing of the L. paracasei strain in mice with DSS-induced colitis.25 

Therefore, care should be taken in the selection of probiotic strains depending on the desired 

outcome. This approach reinforces the need to further elucidate the underlying mechanisms 

of action of specific probiotics, which will assist in determining which specific organisms 

are most likely to provide a benefit for a specific disease condition. Such a mechanistic-

based approach, coupled with carefully conducted multicenter, randomized, controlled trials 

will advance the knowledge base that is required to address the potential of probiotics as an 

alternative management option for various disease conditions that involve the gut.

Conclusions

There is a growing body of evidence to support the potential use of probiotics in the 

prevention and treatment of various human diseases, the caveat being that only specific 

organisms may be effective for certain disease manifestations. Determining whether live 

organisms, secreted products from live organisms (such as surface-layer proteins), or 

probiotic-derived products (such as bacteriocins) are sufficient to mediate a beneficial effect 

requires further study. In addition, establishing rules and regulations for the proper 

identification of organisms for specific uses and clearly demonstrating underlying 

mechanisms of action will shape the future of probiotic research with respect to various 

disease interventions. Carefully selected and fully tested probiotic strains will probably 

provide alterative options for individuals in whom conventional medical therapies have 

failed to promote health and perhaps, in the future, serve as a first-line choice of therapy for 

some patients.
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Key points

▪ Probiotics are increasingly being used for various digestive diseases, 

including IBS, IBD, necrotizing enterocolitis, acute infectious diarrhea and 

antibiotic-associated diarrhea

▪ Not all probiotic strains are appropriate for all ailments

▪ Depending on the strain, probiotics have different underlying mechanisms of 

action to provide a beneficial effect

▪ In addition to live organisms, probiotic-derived products, such as surface-

layer proteins and bacteriocins may provide beneficial effects

▪ Probiotics are contraindicated in certain patient populations, including those 

with severe immune deficiencies
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Figure 1. 
Potential mechanisms of action of probiotics. Probiotic organisms can provide a beneficial 

effect on intestinal epithelial cells in numerous ways, a | Some strains can block pathogen 

entry into the epithelial cell by providing a physical barrier, referred to as colonization 

resistance55–57 or b | create a mucus barrier by causing the release of mucus from goblet 

cells, c | Other probiotics maintain intestinal permeability by increasing the intercellular 

integrity of apical tight junctions, for example, by upregulating the expression of zona-

occludens 1 (a tight junction protein),59 or by preventing tight junction protein 

redistribution60 thereby stopping the passage of molecules into the lamina propria, d | Some 

probiotic strains have been shown to produce antimicrobial factors, e | Still other strains 

stimulate the innate immune system by signaling dendritic cells, which then travel to 

mesenteric lymph nodes and lead to the induction of TREG cells and the production of anti-

inflammatory cytokines, including IL-10 and TGF-β. f | Some probiotics (or their products) 

may also prevent (left-hand side) or trigger (right-hand side) an innate immune response by 

initiating TNF production by epithelial cells and inhibiting74 (or activitating) NFκB in Mφ 

and dampening (or priming) the host immune response by influencing the production of IL-8 
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and subsequent recruitment of Nφ to sites of intestinal injury. Abbreviations: Mφ, 

macrophage; Nφ, neutrophil; TREG cell, regulatory T cell.
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Table 1

Selected organisms that are used as probiotic agents

Probiotic Human disease in which benefit
is shown

Animal model in which benefit
is shown

Yeast

Saccharomyces boulardii Clostridium difficile infection96,98 Citrobacter rodentium-induced colitis57

Gram-negative bacteria

Escherichia coli Nissle 1917 NA DSS-induced colitis59

Gram-positive bacteria

Bifidobacteria bifidum NA Rat model of necrotizing enterocolitis91

Bifidobacteria infantis IBS29 NA

Lactobacillus rhamnosus GG (used
with lactoferrin)

Sepsis in very low birth weight infants88 NA

Lactococcus lactis (engineered to produce
IL-10 or trefoil factors)

Crohn’s disease121 DSS-induced colitis and IL-10−/− mice
(spontaneous IBD)120,123

Lactobacillus plantarum 299v Antibiotic-associated diarrhea100 IL-10−/− mice (spontaneous IBD)71

Lactobacillus acidophilus NA Visceral hyperalgesia40 and
C. rodentium-induced colitis67

Lactobacillus rhamnosus Pediatric antibiotic-associated
diarrhea101

–

Lactobacillus casei NA DNBS-induced colitis66

Bacillus polyfermenticus NA DSS-induced colitis and TNBS-induced
colitis68

Combination regimens

Lactobacillus rhamnosus GG
combined with Bifidobacterium lactis

Bacterial infections10 NA

Lactobacillus rhamnosus combined
with Lactobacillus helveticus

NA C. rodentium-induced colitis,56,118

chronic stress,39 and early life stress36

VSL#3 (Lactobacillus casei, Lactobacillus
plantarum, Lactobacillus acidophilus
Lactobacillus bulgaricus, Bifidobacterium
longum, Bifidobacterium breve, Bifidocacterium
infantis and Streptococcus thermophilus)

Pouchitis and pediatric ulcerative
colitiS76,77

DSS-induced colitis,60 IL-10−/− mice
(spontaneous IBD; DNA only),72 and
SAMP mouse model of spontaneous
IBD73

Abbreviations: DNBS, dinitrobenzene sulfonic acid; DSS, dextran sodium sulfate; IL-10, interleukin 10; NA, not available; TNBS, trinitrobenzene 
sulfonic acid.
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Table 2

Effects of probiotics in randomized, clinical trials of intestinal disease

Disease Effect

Crohn’s disease Little or no benefit50

Ulcerative colitis Increased maintenance of remission in children76,77

IBS Better quality trials required to confirm benefit on
clinical symptoms (abdominal pain, bloating, stool
consistency)33,34

Clostridium difficile infection May prevent infection and recurrence of infection95

Infectious diarrhea Decreases the severity and duration of diarrhea103–105

Antibiotic-associated diarrhea Prevention of diarrhea101 and reduction of symptoms100

Necrotizing enterocolitis Reduces mortality84
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