Citation: Clinical and Translational Gastroenterology (2015) 6, e91; doi:10.1038/ctg.2015.16

& 2015 the American College of Gastroenterology All rights reserved 2155-384X/15
www.nature.com/ctg

CLINICAL/NARRATIVE REVIEW

The Influence of the Gut Microbiome on Obesity,
Metabolic Syndrome and Gastrointestinal Disease
Parth J. Parekh, MD1, Luis A. Balart, MD, MACG1 and David A. Johnson, MD, MACG, FASGE2

There is a fine balance in the mutual relationship between the intestinal microbiota and its mammalian host. It is thought that
disruptions in this fine balance contribute/account for the pathogenesis of many diseases. Recently, the significance of the
relationship between gut microbiota and its mammalian host in the pathogenesis of obesity and the metabolic syndrome has been
demonstrated. Emerging data has linked intestinal dysbiosis to several gastrointestinal diseases including inflammatory bowel
disease, irritable bowel syndrome, nonalcoholic fatty liver disease, and gastrointestinal malignancy. This article is intended to
review the role of gut microbiota maintenance/alterations of gut microbiota as a significant factor as a significant factor
discriminating between health and common diseases. Based on current available data, the role of microbial manipulation in
disease management remains to be further defined and a focus for further clinical investigation.
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The gastrointestinal tract is thought to house ~ 10 microorganisms, which in its totality is comprised of ~ 1,000 distinct
bacterial species.1 Recent advances in sequencing technologies have given researchers further insight into the symbiotic
relationship between the intestinal microbiome and its
mammalian host.2 The “normal” gut flora encompasses a
wide variety of microbacteria that have a vital role in digestion,
fermenting unused energy substrates, maintaining the
immune system, and in the synthesis of vitamins and enzymes
(such as vitamin K and biotin).3 The metabolic activity
performed by the gut microflora equates to that of a virtual
organ, which is why many refer to the gut microflora as the
“forgotten organ”. Factors influencing this relationship such as
the environment,4 diet,5,6 and genetics7 alter its metabolic
capabilities resulting in the pathogenesis of a variety of
disease states. Here, we review the literature in microbiome
studies, the emerging links between the microbiome and its
effect on gastrointestinal health, and approaches to manipulate this symbiotic relationship to potentially improve overall
gastrointestinal health.
MICROBIOTA AND ITS LINK TO OBESITY AND THE
METABOLIC SYNDROME
There is significant overlap between obesity and the metabolic
syndrome; however, the two should be viewed as two separate
distinct entities. Obesity refers to accumulation of excess body
fat whereas the metabolic syndrome is a disorder of energy
storage and utilization resulting in central adiposity, hypertension, dyslipidemia, or insulin resistance. The two together
1

carry significant morbidity and mortality and is thought to be
one of the leading preventable causes of death.
The role of microbiota in the pathogenesis of obesity and
the metabolic syndrome. There are several underlying
mechanisms thought to contribute to the pathogenesis of
obesity and the metabolic syndrome. These underlying
mechanisms are outlined in Figure 1.
Bacterial fermentation and its role in energy harvest. Metabolism of dietary polysaccharides is a complex process
carried out by gut microbiota.5 Gut microbiota, namely
methanogens, ferment dietary polysaccharides resulting in
the production of metabolites, namely monosaccharides and
short-chain fatty acids (SCFAs). These metabolites are then
absorbed and act as an energy source by the host. In
addition, SCFAs, via free fatty acid receptors 2 (FFAR2) and 3
(FFAR3), are thought to have a role in regulating gut
hormones. A recent study sought to evaluate the effects of
these SCFA in mice.8 Butyrate, propionate, and acetate were
all shown to have protective effects against diet-induced
obesity and insulin resistance. In addition, butyrate and
propionate induced gut hormones and reduced overall intake.
Similar effects of butyrate and propionate on body weight and
food intake were seen in FFAR3 deficient mice, which
indicated that there may be additional mediators necessary
for these desired effects.
Initial studies demonstrated increased fermentation activity
of gut microbiota in the obese population,9 with subsequent
quantitative studies confirming these results.10 Fernandes
et al.11 sought to compare fecal SCFA concentrations and gut
microbial profiles in healthy and overweight/obese volunteers,
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Figure 1 Gut microbiota and its influence on obesity.

defined as having a body mass index o25 and body mass
index 425, respectively. The ratio of Bacteroides to Prevotella
inversely correlated with total fecal SFCA (r = − 0.32;
P = 0.002). The ratio of Firmicutes to Bacteroides/Prevotella
positively correlated with total fecal SCFA (r = 0.42;
Po0.0001), which led authors to conclude that colonic
fermentation patterns may be altered, resulting in different
fecal SCFA concentrations in overweight/obese individuals as
compared with their lean counterparts.
Impact on lipoprotein lipase and fasting-induced adipocyte
factor. Lipoprotein lipase hydrolyzes triglycerides into two
free fatty acids and one monoacylglycerol molecule.12 Once
the fatty acids enter the adipocyte they are re-esterified into
triglycerides and stored as fat. Angiopoietin-like-4 (fastinginduced adipocyte factor (Fiaf)) is a protein that is secreted
predominately by the liver, which antagonizes the effects of
lipoprotein lipase, ultimately preventing the storage of
triglycerides as fat.5 Studies have demonstrated an increase
in lipoprotein lipase activity with a simultaneous decrease in
Fiaf expression to result in a net increase in body fat
deposition.13 Bäckhead et al.14 sought to evaluate the effect
of Fiaf in germ-free Fiaf deficient mice to germ-free wild-type
mice when introduced to a western diet.14 The germ-free
mice were not resistant to western-diet induced obesity in
comparison with their germ-free wild-type cohort, which the
investigators attributed to suppression of Fiaf expression
secondary to over nutrition, thereby increasing lipoprotein
lipase activity with resultant fat deposition in adipocytes.
Suppression of adenosine monophosphate-activated protein
kinase. In times of metabolic stress, the sympathetic
response upregulates adenosine monophosphate-activated
Clinical and Translational Gastroenterology

protein kinase (AMPK) in order to offset any energy
expenditure and prevent an energy deprived state. Primarily
expressed by brain, liver, and skeletal muscle, AMPK acts to
regulate energy homeostasis via stimulation of fatty acid
oxidation, ketogenesis, glucose uptake, and insulin secretion
while simultaneously inhibiting cholesterol and triglyceride
synthesis along with lipogenesis.14,15 Bäckhed et al.14 sought
to evaluate whether AMPK is involved in mediating the
resistance of germ-free mice to diet-induced obesity or if the
gut microbiome alters the upregulation of AMPK. The levels
of active AMPK, which is phosphorylated AMPK, harvested
from gastrocnemius muscle in germ-free mice were compared with conventionalized animals on a western diet.
Biochemical assays revealed significantly elevated levels of
phosphorylated AMPK in gastrocnemius muscles of germfree mice compared with their conventionalized counterpart
with no difference in concentrations of adenosine triphosophate or adenosine monophosphate. Their findings suggested that the presence of altered gut microbiome
suppressed skeletal muscle fatty acid oxidation through a
metabolic pathway, which may involve activation of AMPK. In
addition, the levels of AMPK in the livers of germ-free mice
were also noted to be elevated. After being fed a western diet
for 5 weeks, levels of hepatic glycogen and glycogen
synthase levels were significantly reduced in germ-free mice
compared with their conventionalized mice on a western diet,
which was confirmed by glucose and insulin tolerance tests.
Lastly, biochemical assays demonstrated that germ-free mice
had 72% higher levels of nicotinamide adenine dinucleotide
(NAD)+, which also upregulates AMPK. The authors concluded that collectively these findings suggest that increased
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AMPK activity in germ-free mice have a protective role
against diet-induced obesity. The microbiome seems to have
a suppressive effect on AMPK activity, thereby predisposing
the host to obesity and insulin resistance.
The role of SCFAs and G-protein-coupled receptors. Glucagon-like peptide (GLP) and peptide YY (PYY) regulate satiety
via the production and release of digestive enzymes.9 The
two are co-secreted by intestinal L-cells, induced by gut
microbiota16 after each meal and have been demonstrated to
have anorectic effects, which can be additive in overweight
and obese individuals.17 In mice models, mice lacking PYY
had a tendency toward hyperphagia and obesity.18 Conversely, obese rodents that that were subjected to chronic
PYY3-36 administration had reduced adiposity over time.
Lastly, transgenic mice with increased circulating PYY were
resistant to diet-induced obesity. Collectively, coupled with
the retained responsiveness of obese subjects to the effects
of PYY-36 demonstrate its role in hyperphagia and obesity.
G-protein-coupled receptors, namely FFAR2 and FFAR3,
mediate the signaling cascades of SCFAs. As previously
described propionate and butyrate have an affinity for FFAR3,
whereas acetate appears to have more of an affinity for
FFAR2. 8,19 The primary role of FFAR2 is to promote energy
storage. In the colon, both FFAR2 and FFAR3 work in concert
to regulate satiety and intestinal motility via GLP-1.20 FFAR2
and FFAR3-deficient mice have both proven to have increase
energy expenditure, with the net downstream effect being
increased lean body mass and significantly lower fat body
mass when compared with their wild-type counterpart.21,22
Effect of impaired innate immunity. Toll-like receptors (TLRs)
are a type of pattern recognition receptor, which has been
demonstrated to increase blood glucose and nonesterified
free fatty acids.5 Coupled with interleukin-1, it forms the
“interleukin-1 receptor/TLR superfamily” which via the
release of cytokines and reactive oxygen species produces
a pro-inflammatory state, such as that seen in diabetes
mellitus.23 TLR-5 has been extensively studied, and has been
demonstrated to have a pivotal role in the activation of innate
immunity via pattern recognition of microbe-associated molecular patterns seen on bacteria, viruses, and fungi.5,24,25
Thus the interaction between gut microbiota and TLR-5
results in the induction of inflammatory cascade and downstream transcription of various cytokines and inflammatory
mediators, most notably NFκB, resulting in a low-grade
inflammatory state associated with obesity. Additional studies
have demonstrated that TLR-5-deficient mice as having a
propensity to develop hallmark features of the metabolic
syndrome.26

systemic glucose intolerance, hyperinsulinemia, and
insulin resistance independent of obesity as compared with
untreated controls when exposed to diet-induced obesity. In
addition, depletion of Firmicutes and Bacteroidetes resulted
in increases in metabolically beneficial gut-derived metabolites.
Prebiotics and probiotics differ in that prebiotics are nondigestible polysaccharides that stimulate growth of digestive
bacteria, whereas probiotics are live microorganisms that
when administered attempt to reconstitute the gut microflora.
Probiotics and prebiotics typically impact populations of
Bifidobacterium, Lactobacillus, Saccharomyces, Streptococcus, and Enterococcus. To date, prospective data evaluating
the effect on obesity is lacking. There have been several
studies that evaluated the effects of probiotics on obesity.31–34
The most recent data comes from Wang et al.35 Three
probiotic strains, Lactobacillus paracasei, Lactobacillius
rhamnosus, and Bifidobacterium animalis were administered
to mice subjected to a high fat diet for 12 weeks. Each of the 3
strains vitiated weight gain and markedly improved glucoseinsulin homeostasis. Pyrosequencing demonstrated that use
of all three probiotic strains shifted the gut microflora of mice in
the high fat group to resemble that of lean fed mice and thus
could potentially be used to attenuate the effects of high fat
diet-induced obesity.
Although being utilized for over 50 years, FMT is recently
gaining traction as a potential for therapy in obesity in the
metabolic syndrome. Several recent studies have demonstrated that FMT from conventionally raised mice with a
genetic predisposition to obesity into germ-free mice result in
phenotypically obese mice.13,36,37 In addition, a recent case
report described a patient who underwent successful FMT
who developed new-onset obesity after receiving stool from an
overweight donor.38 One double-blind controlled trial randomized 18 men with metabolic syndrome to FMT with their own
stool (placebo; n = 9) or stool from lean men (defined as
having a body index o23 kg/m2; n = 9).39 Those who received
stool from lean donors developed significantly reduced fasting
triglyceride levels post FMT. In addition, the nine men who
received stool from lean donors had notable decreased
hepatic and peripheral insulin sensitivity post FMT compared
with those who were transplanted their own stool. Collectively,
this suggests that obese microbiota is transmissible and
manipulation of the intestinal microflora may be a therapeutic
target in the battle against the obesity epidemic.

Therapeutic implications. Manipulation of gut intestinal
microflora can be accomplished via antibiotics, prebiotics,
probiotics, and lastly fecal microbiota transplant (FMT). There
appears to be a correlation between early antibiotic exposure
and childhood obesity27–29 however data evaluating this
relationship are in its infancy. In the adult population, a recent
study by Hwang et al. suggests that Firmicutes and
Bacteroidetes may impact insulin resistance by mediating
GLP-1 secretion in obesity.30 In mice models, antibioticinduced depletion of Firmicutes and Bacteroidetes resulted
in increased GLP-1 secretion, which ultimately in improved

The role of microbiota in the pathogenesis of inflammatory bowel disease. Inflammatory bowel disease (IBD) is a
multifaceted entity arising from both genetic and environmental factors, as evident by the discordance in several twin
studies.40,41 With that being said, the host genome may have
a pivotal role in shaping the gut microbiota in IBD. The first
identified susceptibility gene in Crohn’s disease was NOD2,42
which has been demonstrated to perpetuate an immune
response to bacterial cell wall.43 Patients with a diagnosis of
Crohn’s disease known to carry the NOD2 mutation have
an increased population of mucosa-adherent bacteria, in
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particular Escherichia coli. Therefore the host microbiome
has the theoretic potential to be reshaped based on genetic
variants, although there are currently no available genomewide studies validating this.
The colon has two distinct mucosal layers, a firmly
attached inner mucus layer and an outer mucus layer of
variable thickness compared with the small intestine, which is
comprised of only one mucosal layer.44 The gut microbiome is
intertwined within the pre-epithelial mucous layer, forming a
system of “checks and balances”.45 In a normal host, mucins,
trefoil peptides, immunoglobulin A make up the mucus layer,
which acts to provide a barrier between the gut microflora and
intraepithelial cells.45–48 In the lesser dense small intestine,
antimicrobial factors such as defensins and RegIII-γ prevent
gut microbes from direct access to epithelial cells.47 Patients
suffering from IBD are thought to have a compromised mucus
layer, thus allowing luminal microflora to penetrate intraepithelial cells and drive inflammatory and proliferative processes.45
Fu et al.49 recently demonstrated mice deficient in mucins
essential in maintaining intestinal mucosal integrity developed
spontaneous colitis resembling that of human ulcerative
colitis. Recent studies have demonstrated a higher abundance of Fusobacterium varium in patients with ulcerative
colitis,50,51which may in part be responsible for colonic
mucosal erosion as seen in mice models52 due to compromised mucosal integrity.
Literature also suggests that intestinal dysbiosis may be
responsible for the development of Crohn’s disease.53–57 A
recent large, multicenter study compared the microbiome of
new-onset, treatment naïve pediatric Crohn’s patients to a
healthy cohort.58 The study comprised of 447 patients, aged
3–17, with newly diagnosed Crohn’s disease. Biopsies
obtained during colonoscopy of the rectum and terminal ileum
prior to treatment were submitted for rRNA sequencing. In
addition, a subset of 223 subjects also provided a fecal
sample. Samples obtained from a control population comprised of 221 subjects with non-inflammatory gastrointestinal
disease. There was a positive correlation between a diagnosis
of Crohn’s disease and the presence of Pasteurellacae
(Haemophilus sp.), Veillonella parvula, Neisseriacaea corrodens, and Fusobacteriaceae nucleatum (which has been
implicated in promoting a microenvironment beneficial toward
progression of colorectal carcinoma in addition to being a
suggested biomarker for IBD). Additionally, the prevalence of
Pasteurellacea, Veillonellaceae parvula, and Rothia mucilaginosa correlated with deep ulcerations (ileal or colonic) seen
during diagnostic colonoscopy. These findings were only seen
on mucosal biopsies and not on fecal samples, which implies
that dysbiosis within mucosa-associated bacterium may be
responsible in new-onset Crohn’s disease and not alterations
within the intestinal lumen.
Therapeutic implications. Prospective data regarding the
effect of prebiotics and probiotics in the course of IBD is still in
its infancy. To date no prebiotic or probiotic regimen has been
consistently beneficial in Crohn’s disease, with the exception
of Faealibacerium prausinitzii which has been demonstrated
to have anti-inflammatory effects in vitro and in vivo in mice
models.59–61 On the contrary, initial data in ulcerative colitis
appears promising. A recent meta-analysis including 23
Clinical and Translational Gastroenterology

randomized controlled trials totaling 1,763 patients evaluated
the effects of probiotics on in inducing remission and
maintaining therapy in ulcerative colitis.62 The use of VSL#3
significantly increased remission rates in patients with active
ulcerative colitis when compared with placebo (P = 0.004,
RR = 1.74).
Antibiotics remain mainstay therapy in the treatment of septic
complications of IBD, such as abscesses and wound infections.
Their role in the treatment of primary disease remains
controversial and to date its benefit has not been well
established. Theoretically, the use of antibiotics in patients with
IBD could decrease concentrations of maleficent luminal
microorganisms, promote growth of beneficial microorganisms,
and decrease bacterial translocation thus preventing its
interaction with intraepithelial cells. Recognizably, antibiotics
may via antimicrobial properties; they may also exert antiinflammatory effects.63 The downfall is that the effects of
antibiotics on colonic microflora are only transient and over time
promotes the proliferation of antibiotic resistant strains. A metaanalysis by Khan et al.64 sought to evaluate the effects of
antibiotics in inducing remission in patients with active IBD. For
active Crohn’s disease there were a total of 10 randomized
controlled trials totaling 1,160 patients. The use of antibiotics
was superior to use of placebo (P = 0.03), however there was a
moderate heterogeneity between results given the diverse
number of antibiotics tested, either alone or in combination.
Rifamycin derivatives, when used either alone or in combination, consistently had significant effect at inducing remission in
active Crohn’s disease. For active ulcerative colitis, there were
nine randomized-controlled trials involving 662 patients. Similar
to Crohn’s disease with the use of antibiotics for inducing
remission, there was moderate heterogeneity given the multitude of antibiotics used, whether it is alone or in combination.
Clinically, most practitioners opt to use ciprofloxacin, metronidazole, a combination of ciprofloxacin and metronidazole,
rifaxamin, or clarithromycin. Clinical results did not reach
statistical significance or equated to placebo effect. 65–72
There has long been a question of the role of mycobacteria
in the pathogenesis of IBD. Thus, anti-tuberculosis treatment
was tried in the IBD population. Initial data suggested
an overall benefit with use of anti-tuberculosis treatment
although it is unclear if response was derived from antituberculosis treatment or anti-inflammatory properties of
the antibiotics.73–78 A subsequent prospective randomized
controlled trial by Selby et al.69 randomized 213 patients with
Crohn’s disease to 2 years of clarithromycin, rifabutin, and
clofazimine or placebo, in addition to a 16-week tapering course
of prednisolone. At a 2-year follow-up, there was no evidence of
sustained benefit with antibiotic use compared with placebo.
As evidence continues to link intestinal dysbiosis to IBD in
genetically susceptible individuals, research efforts seek to
find the role of FMT. To date, the data for FMT in ulcerative
colitis seems to shows mixed results. A recent prospective,
randomized controlled trial assigned 48 patients with active
ulcerative colitis to FMT from a healthy donor (n = 23) or their
own feces (placebo; n = 25).79 A total of 37 patients completed
follow-up and 41% patients who received FMT from a healthy
recipient vs. 25% of patients who received FMT placebo
achieved clinical remission and endoscopic response
(P = 0.29), which led researchers to conclude that FMT was
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not superior to placebo for inducing clinical and endoscopic
remission in moderately active ulcerative colitis patients.
The use of FMT for refractory UC has been described in
only three publications totaling nine patients, all of whom
had severe, active, long-standing ulcerative colitis refractory
to therapy with glucocorticoids, 5-aminosalicylates, and
azathioprine.80–82 At 6 weeks, there was complete resolution
of all symptoms without relapse. Clinical remission was
maintained for up to 13 years, with endoscopic evaluation in
eight out of the nine patients showing no evidence of active
ulcerative colitis (n = 6) or only mild chronic inflammation
(n = 2).81–83 There has also been heterogeneity in the use of
FMT for Crohn’s disease. Sunskind et al.84 was the first to
demonstrate the potential therapeutic benefit of FMT for
Crohn’s disease. In this prospective, open-labeled trial, nine
patients (12–19 years of age) with mild-to-moderate Crohn’s
disease (defined by a Pediatric Crohn’s Disease Activity Index
of 10–29) received FMT from a healthy donor. Follow-up
evaluations were done at 2, 6, and 12 weeks with PCDAI,
C-reactive protein, and fecal calprotectin measured at each
visit. At 2 week follow-up, seven out of the nine patients were in
clinical remission based on PCDAI scoring with five out of nine
patients maintaining remission without any additional therapy
at 6 and 12 week follow-up. At 2 week follow-up, eight out of the
nine patients had improvement or normalization in their
C-reactive protein levels, with the mean decreasing from
2.4 ± 1.2 mg/dl at baseline to 1.5 ± 0.6 mg/dl. At 6 and 12 weeks
post FMT the mean C-reactive protein levels for those individuals
who did not require additional medical therapy remained below
baseline at 2.0 ± 1.2 and 2.3 ± 2.3 mg/dl, respectively. Lastly,
stool calprotectin decreased or remain unchanged for eight out
of nine patients at 2 week follow-up. Despite initial improvement
in fecal calprotectin for most patients, at 12 week follow-up the
levels rose for most patients. Collectively, the authors concluded
this to be the first study to demonstrate FMT as a possible
therapeutic option for Crohn’s disease.
MICROBIOTA AND ITS LINK TO IRRITABLE BOWEL
SYNDROME
The role of microbiota in the pathogenesis of irritable
bowel syndrome. The hallmark of irritable bowel syndrome
(IBS) lays in the heterogeneity of its clinical presentation, yet
the underlying pathogenesis remains poorly understood.85,86
The emergence of postinfectious IBS87–91 has prompted a
paradigm shift toward investigating whether or not dysbiosis
of the gut microbiota is a major contributor to the fluctuations
in severity of clinical manifestations of IBS.
There are two schools of thought as to the role of the
microbiota in IBS. One focus is on the relationship between
small bacterial overgrowth (SIBO) and IBS, given its overlap in
symptomatology. An open-label study by Pimental et al.92
sought to evaluate the link between SIBO and IBS and
whether treatment of SIBO reduced IBS complaints. The study
totaled 202 patients who were Rome I criteria positive for IBS
underwent lactulose hydrogen breath test to assess for SIBO.
Of the 202 patients, 157 had SIBO of which 47 patients had
follow-up testing. Subjects were then treated with open label
antibiotics after a positive breath test and were then asked to

return for follow-up breath tests to confirm eradication. They
were blinded to the results of their follow-up tests and asked to
answer a questionnaire regarding their symptoms. The
investigators found that eradication of SIBO eliminated IBS
in 48% of subjects, which let them to conclude that there is an
association between IBS and SIBO. Subsequently, Pyleris
et al. went to quantitatively evaluate the relationship between
IBS and SIBO.93 Consecutive patients presenting for upper
endoscopic evaluation were eligible to participate, totaling 320
patients. Quantitative cultures, under aerobic conditions, of
aspirates sampled from the third part of the duodenum during
upper endoscopy were conducted. Rome II criteria were used
to define IBS. Among those enrolled, SIBO was diagnosed in
~ 62 patients, 42 of whom were diagnosed with concomitant
IBS (67.7%). In patients with diarrhea predominant IBS, SIBO
was found in 60% compared with 27.3% without diarrhea
(P = 0.004), with E.coli, Enterococcus spp, and K.pneumoniae
being the most common isolates, which led the investigators to
conclude that SIBO by aerobic bacteria is independently
linked with IBS.
A second focus is on the relationship between gut
microbiota and host immune activation. The notion that
dysbiosis drives a low-grade inflammatory state lies on the
interaction between the gut microbiome and the innate
immune system. The role of TLRs (discussed previously)
appears to impact the pathogenesis of IBS. Several studies
have demonstrated an upregulation of TLR in conjunction with
altered TLR-mediated signaling in patients with IBS when
compared with healthy controls.94–96
Therapeutic implications. To date, the available data for
prebiotic use in IBS is limited and results are disappointing.60
There have been several controlled trials of probiotics in
IBS,97–107 demonstrated favorable results however the
majority are limited by suboptimal study design, small
sample, and that they were short term studies. In addition,
the magnitude of benefited in studies with positive results was
only modest. A recent multicenter randomized, double blind,
controlled trial sought to overcoming the shortcomings of
previous trials and determine the dose related effects of a
novel probiotic combination (I.31 which was mixture of equal
parts of three probiotic bacteria:2 Lactobacillus plantarum
and1 Pedicoccus acidilactici) on IBS-related quality of life.108
The formula was chosen because of its ability to survive gut
motility and adhere to the intestinal mucus layer in vitro. In
addition, this combination produced significant amounts of
SCFAs, namely butyric, propionic acid, and acetic acid in a
ration similar to that seen in a healthy gut. In this study, 84
patients with IBS-D (diarrhea predominant) according to
Rome III criteria were randomly allocated to receive once
daily I.31 at a high dose (n = 28), I.31 at a low dose (n = 27),
and placebo (n = 29). IBS-quality of life (IBS-QoL), Visceral
Sensitivity Index (VSI), and global symptom relief questionnaires were filed out at baseline, and at weeks 3 and 6 of
treatment. After 6 weeks of treatment the IBS-QoL was
significantly increased in both the I.31 high dose and low
dose groups compared placebo at 18 ± 3 (P = 0.041), 22 ± 4
(0 = 0.023), and 9 ± 3, respectively. In addition, there was
significantly greater improvement in VSI after 6 weeks of
treatments in in both the I.31 high dose and low dose groups
Clinical and Translational Gastroenterology
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compared placebo at 10 ± 2 (Po0.05), 14 ± 2 (Po0.05), and
7 ± 1, respectively. There were no significant changes seen in
the global symptom relief questionnaires amongst the three
arms. This led to the conclusion that this new combination of
probiotics was superior to placebo in improving IBS-related
quality of life in patients with IBS-D.
Currently, diet modification (low diet low in fermentable
oligo-, di-, and monosaccharides and polyols [FODMAPs]),
antispasmodics, and neuromodulators (TCAs and SSRIs)
remain the cornerstone of therapy in treating IBS. For those
who fail, particularly in patients with bloating, a trial of antibiotic
therapy ought to be considered. This recommendation stems
from the largest randomized control trials to date by Pimental
et al.109 totaling 1,260 patients with IBS (without constipation).
Patients were randomized to receive rifaxamin 550 mg or
placebo three times daily for a total of 2 weeks and were then
followed up for an additional 10 weeks. At follow-up,
significantly more patients in the rifaxamin group had
adequate relief of global IBS symptoms (assessed by daily
ratings of IBS symptoms, bloating, abdominal pain, and stool
consistency) as compared with placebo with similar incidence
of adverse events, which led the authors to conclude that
among patients with IBS (without constipation), treatment for
rifaximin for 2 weeks provides significant relief of global IBS
symptoms. A subsequent meta-analysis by Menees et al.
which included five randomized controlled trials evaluated the
efficacy of rifaximin.110 Rifixamin when compared with
placebo was more efficacious for global IBS symptom
improvement (OR 1.57) and significantly more likely to be
associated with decreased bloating (OR 1.55).
The microbiome of patients suffering with IBS differs from
that of its healthy counterpart. Studies by Kerckhoffs et al.111
have demonstrated there to be decreased populations of
Bifidobacteria catenulatum in both fecal and duodenal brush
samples of IBS samples compared with healthy subjects, and
significantly higher levels of Pseudomonas aeruginosa in
duodenal brushings of IBS patients compared with healthy
subjects.112 Studies have also demonstrated that IBS-C
(constipation predominant) have increased sulfate-reducing
bacteria when compared with healthy controls,113 particularly
Methanobrevibacter smithii which has been isolated as the
predominant methanogen in patients with IBS-C that have
positive methane breath tests.114 Thus, FMT has been
suggested as a potential therapeutic alternative in patients
suffering with IBS. The data on its role, however, remains limited
to predominantly anecdotal evidence.115,116 The most recent
data was recently presented by Pinn et al.,117 which included 13
patients with refractory IBS (IBS-D n = 9, IBS-C n = 3, IBS-A
(alternating) n = 1). Following FMT, 70% of patients had
resolution or improvement in symptoms, which included
abdominal pain (72%), bowel habit (69%), dyspepsia (67%),
bloating (50%), flatus (42%), and overall quality of life (46%).
MICROBIOTA AND ITS LINK TO NONALCOHOLIC FATTY
LIVER DISEASE/STEATOHEPATITIS
The role of microbiota in the pathogenesis of nonalcoholic fatty liver disease/steatohepatitis. Nonalcoholic fatty
liver disease (NAFLD) and nonalcoholic steatohepatitis
Clinical and Translational Gastroenterology

(NASH) are hepatic manifestations of the metabolic syndrome with a propensity of NASH to progress to advanced
fibrosis and cirrhosis in comparison with patients with
NAFLD.118 The underlying pathogenesis of NAFLD/NASH
remains unclear; however, alterations in gut microbiota are
thought to be a major contributor in its development as
depicted in Figure 2.
Metabolism by colonic bacteria produces volatile organic
compounds that may have deleterious effects on the liver.119
Recent studies have utilized gas-chromatography-mass
spectrometry to compliment pyrosequencing in order to
differentiate microflora in patients with NAFLD/NASH compared with healthy controls.119–124 The available data indicates that there is a significant increase in fecal volatile organic
compounds with compositional shifts in the microbiome of
obese patients with NAFLD/NASH compared with healthy
controls. The taxonomic composition remains up for debate at
this point with certain studies indicating there to be disproportionately low levels of bacteria from the Ruminococcacae
family and high levels of Escherichia in patients with NAFLD/
NASH122 where as other studies implicate lower levels of
Bacteroides in patients with NASH.123
Metabolic endotoxemia. As previously described, TLRs are
pattern recognition motifs that recognize highly conserved
microbial molecules called “pathogen-associated molecular
patterns” and endogenous products called “damage-associated molecular patterns”.124 Lipopolysaccharide (LPS), an
endotoxin found on the cell membrane of Gram-negative
bacteria,125 is the most frequently studied pathogenassociated molecular pattern. When bound to LPS-binding
protein and CD14, LPS forms a complex that activates
TLR-4 (found in Kupffer cells), which then in turn initiates a
pro-inflammatory cascade by way of IL-1β, tumor necrosis
factor-α (TNF-α), and NFκB.126
Bacterial translocation. The gut epithelium, comprised of
epithelial cells linked via tight junctions, has a pivotal role in
maintaining the integrity of the intestinal barrier and demarcating the gut microflora from the innate immune system.127
Alterations of gut permeability in the presence of SIBO have
been linked to the development of NAFLD/NASH.128 This is
thought to be a result of bacterial translocation from the
intestinal lumen into portal circulation due to disruption in the
intestinal barrier. Gäbele et al.129 sought to evaluate the role
of altered intestinal permeability and bacterial translocation in
the development of NASH. Mice separated into four groups
were set to receive (I) standard chow, (II) a high fat diet, (III)
standard chow with dextran sulfate (application of which
results in damage to the intestinal barrier), or (IV) which
constituted a high-fat diet in conjunction with dextran sulfate.
They were then monitored for 12 weeks and pro-inflammatory
cytokine levels measured. Endotoxin levels, pro-inflammatory
markers (TLR4 and TLR9) were significantly elevated in mice
fed a high-fat diet in conjunction with dextran sulfate. In line
with this, histological examination demonstrated increased
hepatic fibrosis in mice fed a high fat diet in conjunction with
dextran sulfate, which led to the conclusion that induction of
intestinal inflammation with resultant alteration of gut permeability promoted LPS translocation, hepatic inflammation, and
fibrogenesis thought to be secondary to inhibition of intestinal
antimicrobial peptides.
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Figure 2 Gut microbiota and its influence on nonalcoholic fatty liver disease and nonalcohlic steatohepatitis. Proposed mechanisms, working individually or in concert, by
which intestinal dysbiosis results in nonalcoholic fatty liver disease and nonalcohlic steatohepatitis. Interaction between lipopolysaccharide and SIBO/CD14 upregulates proinflammatory cytokines resulting in increased permeability and inflammation. Bacterial translocation (from SIBO) occurs in lieu of increased permeability activating the innate
immune response resulting in a pro-inflammatory state. Intestinal dysbiosis results in production of enzyme that catalyzes choline into toxic methylamines that are injurious to the
host liver.

Alterations in choline metabolism. Choline, a phosopholipid
component of the cell membrane, has a key role in the
hepatic metabolism of fat.127 Recent studies have demonstrated gut microbiota to produce enzymes that catalyze
the conversion of dietary choline into toxic methylamines.130,131 Hepatic uptake of these toxic metabolites
results in the induction of the inflammatory cascade with a
net downstream effect of progression to NAFLD/NASH.
Therapeutic implications. The treatment of both NASH and
NAFLD focus on dietary changes, which is a key determinant
of the gut microbiota composition.132 Velayudham et al.135
were among the first long term studies, compared with its
predecessors that offered mixed short-term data31,133,134, to
evaluate the benefits of probiotics in patients with NASH.
VSL#3 given to methionine-choline-deficient diet fed mice
(propensity towards NASH) failed to ameliorate methioninecholine-deficient -induced liver steatosis or inflammation.
Despite VSL#3 supplementation, methionine-cholinedeficient diet feeding upregulated endotoxins and expression
of pro-inflammatory cytokines, namely TLR-4, CD 14, and
NF-κB, which led to the conclusion that VSL#3 does not
protect the host from inflammation and steatosis in NASH.
There was noted improvement in liver fibrosis with VSL#3
supplementation, which was consistent with results from
previous studies likely secondary to its effect on collagen
expression and modulation of apoptosis.31,133,134 Recent
studies have evaluated several varying strains of probiotics
including Bifidobacterium breve, Lactobacillus rhamnosus,
and Lactobacillus johnsonii all of which showing promising

results in mice models; however, long-term data and
large randomized, controlled human trials are not currently
available.136–138
The limited available data from human studies appears
promising. A 2013 meta-analysis, which included four
randomized controlled trials totaling 134 NASH patients,
evaluated the effects of various probiotic therapies in
NAFLD.139 The use of probiotic therapy significantly
decreased aminotransferase levels, total cholesterol, highdensity lipoprotein, TNF-α, and homeostasis model assessment of insulin resistance suggesting that modulation of gut
microbiota with probiotic therapy may have a role in the
treatment of NAFLD. The most recent data comes from Alisi
et al. who randomized 44 obese children with biopsy-proven
NAFLD to VSL#3 (n = 22) or placebo (n = 22).140 After
4 months of therapy, there were significant improvements in
fatty liver severity assessed by ultrasound in the VSL#3 cohort
compared with placebo controls. In addition, there was a noted
decrease in body mass index and GLP-1 in the VSL#3-treated
group (Po0.001 for all comparisons), which was thought to be
due to correction of dysbiosis.
MICOBIOTA AND ITS LINK TO GASTROINTESTINAL
MALIGNANCY
There has been a recent shift in focus onto microbiota and its
potential implication in carcinogenesis, as dysbiosis has been
proven to induce DNA damage, genetic alterations, or creating
a pro-inflammatory state ultimately leading to tumor initiation,
progression, and finally metastasis.
Clinical and Translational Gastroenterology
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Gastric cancer. Helicobacter pylori are Gram-negative
bacteria, thought to colonize the stomach in approximately
half the global population.141 As such, H. pylori is accountable for ~ 66,000 new cases of gastric cancer annually,142
and rarely in mucosa-associated lymphoid tissue (MALT)
lymphoma.143 The risk of developing neoplasia resides in the
strain of H. pylori colonizing the host,144–146 duration of
infection and interactions between the host and its environmental/microbial determinants. H.pylori are classified into
cagA-positive and cagA-negative strains, which depend on
the presence or absence of CagA, a terminal gene product
that is secreted into host cells after bacterial attachment
ultimately inducing cell morphological changes.147,148 Studies have demonstrated that CagA is a marker of pathogenic
disease as patients with elevated antibody titers against
CagA have a higher incidence of gastric adenocarcinoma.149
Several subsequent animal models have demonstrated the
oncogenic effects of CagA.150,151 As H. pylori gains entry into
the host cell, the CagA protein undergoes phosphorylation
via Src152 and Abl153 (two well-known oncogenes). Phosphorylation occurs at specific sequence motifs, with certain
sequence motifs having a higher propensity toward gastric
adenocarcinoma than others.
H. pylori is not the only microbe linked to the development of
gastric cancer. A few studies have attempted to explore
the relationship between the upper digestive tract microbiota
and its relationship to human health, however results were
not conclusive. Yu et al.154 recently sought to evaluate this
relationship by testing for the presence of 272 bacterial
species in 333 upper digestive tract samples form a Chinese
cancer-screening cohort. A serum enzyme-linked immuno-

sorbent assay was used to determine serum pepsinogen I/
pepsinogen II ratio with a lower ratio as predictor of gastric
cancer risk. There was a demonstrable association with upper
digestive tract bacteria and lower pepsinogen I/pepsinogen II
ratios, which led to the conclusion that upper digestive
microbiota may have a role in the development of gastric
cancers. The depth and breadth of bacterial carcinogens
responsible for the development of gastric cancers remains
poorly understood. The data by Yu et al. suggests that there
may be several species of microbes in play, either working
individually or synergistically, which increase the risk of gastric
cancer.
Esophageal cancer. In contrast to gastric cancer, H. pylori
has been proven to have protective effect against the
development of esophageal adenocarcinoma.155 There have
been several mechanisms proposed to explain the paradox
as to why H. pylori is carcinogenic in the stomach yet
chemoprotective in the esophagus.156 One possible mechanism is that by inhibiting parietal cell function and/or inducing
the development of atrophic gastritis, H. pylori blunts the
acid secretion required to develop gastroesophageal reflux
disease and its resultant sequelae, i.e., Barrett’s esophagus
and ultimately esophageal adenocarcinoma. A second
possibility is that loss of H. plyori contributes to alterations
in the gastric microflora, which ultimately results in refluxmediated esophageal adenocarcinoma.
Yang et al.157 investigated the impact alterations in the
esophageal microbiome had on the pathogenesis of esophageal disease. Biopsy samples were taken from the distal
esophagus in 34 patients and defined histologically as being

Figure 3 Gut microbiota and its influence on esophageal adenocarcinoma. Type-microbiota (Gram-positive predominant) with H. pylori provides a neutral esophageal
environment. Type-II microbiota (Gram-negative predominant) with loss of H. pylori invokes a pro-inflammatory state in two ways. First, loss of H. pylori allow for increased acid
secretion resulting in gastroesophageal reflux disease and its sequelae. Second, predominance of Gram-positive bacteria upregulate the pro-inflammatory cascade due to the
interaction between lipopolysaccharide and Toll-like receptor 4.
Clinical and Translational Gastroenterology
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normal or evident of esophagitis, or intestinal metaplasia
(Barrett’s Esophagus). They were able to identify two distinct
microbiome clusters. Type I, which was mainly concentrated in
the phenotypically normal esophagus, consisted primarily of
Gram-positive bacteria, namely Firmicutes. Type II, which
correlated with esophagitis (odds ratio 15.4) and intestinal
metaplasia (odds ratio 16.5), consisted primarily of Gramnegative bacteria, namely Bacteroides, Proteobacteria, Fusobacteria, and Spirochaetes. This led to the conclusion that
there may be a role for dysbiosis in the pathogenesis of refluxrelated disorders.
There are several mechanisms accounting for the role of
dysbiosis in the pathogenesis of reflux-related disorders.
Gram-negative organisms (type II microbiome) induce a proinflammatory signaling cascade by way of LPS, TLR4, and
NFκB.158 The downstream result is an increase in levels of
pro-inflammatory cytokines, namely IL1β, IL6, IL8, and TNF-α.
Additionally, LPS found on Gram-negative bacteria upregulate
nitric oxide synthase, which in turn decreases the lower
esophageal sphincter.159 This ultimately increases the risk of
reflux and resultant esophagitis and eventual metaplasia.
Figure 3 is a schematic representation of the microbiome
impact on the pathogenesis of esophageal adenocarcinoma.
A recent study by Nasrollahzadeh et al.160 was the first
to show the association between gastric microbiota with
squamous-cell dysplasia and squamous-cell carcinoma.
Gastric microbiota from patients with diagnosed stage I-II
and squamous dysplasia were compared with a control group
comprised of age and sex-matched subjects with esophagitis
(disease control) and histologically normal esophagus
(healthy control). Patients with squamous-cell carcinoma and
squamous dysplasia had more abundant populations of
Clostridiales and Erysipelotrichales not seen in the disease
control or healthy control, which led to the conclusion that
gastric microbiota differs in squamous-cell carcinoma and SD
as compared with a healthy esophagus.
Colon cancer. Intestinal microbes, namely Bacteroidetes
and Firmicutes, constitute the majority microbial population in
the colon.161,162 They have been proven to help maintain
homeostatsis by contributing to immune development, preventing pathogen colonization, processing drug and toxic
metabolites, and releasing nutrients and harvesting energy
as previously described. There are several species of
intestinal microbes that have recently been implicated as
having pro-carcinogenic traits including Fusobacterium,
Streptococcus gallolyticus (formerly known as S. bovis) and
adherent-invasive E. coli.163–166 Defective barrier function,
such as that produced in a pro-inflammatory state, allow for
colibactin-producing bacterial strains to damage host DNA by
inducing double-strand breaks, activating damage signaling
cascades, ultimately leading to chronic mitotic and chromosomal aberrations.167,168 Additionally, the defective mucosal
barrier allows for translocation of microbial process that leads
to the activation of IL-23-producing myeloid cells ultimately
promoting tumor growth.169
Sears and Garrett recently reviewed several theories
outlining the relationship between the microbiome and its role
in the initiation and/or progression of colonic carcinogenesis.170 Coined the “Casualty Theory”, microbiota are

regarded as either primary (initiators) or secondary (fostering
progression) contributors to colorectal cancer pathogenesis.
Under this theory, the authors propose three distinct models,
which may be the underlying mechanism promoting colonic
carcinogenesis. Model 1 implicating specific microbes, model
2 implicates a microbial community, and model 3 refers to the
two acting sequentially and/or synergistically. Carefully
designed studies are required in order to link the role of the
microbiome as a community and/or select microbes with
oncogenic potential in order to discern which of these models
promote colonic carcinogenesis.

CONCLUSION
There is clear evidence that the gut microbiome has a
profound effect on the balance between health and disease.
As we begin to understand how alterations in microbiota
impact the pathogenesis of many disease states so to brings
the possibility of potential targeted therapy. Unfortunately,
studies to date have failed to provide long-term data.
In addition, there have been only a select few studies taking
into account genetic predisposition towards disease, as
phenotypic disease states may be a culmination of genetic
and environmental factors. Lastly, given the vast depth of the
microbial environment future studies should not only focus on
individual subspecies but also their interactions with surrounding microbes. Optimal disease management therefore
remains to be defined and remains a significant focus for
further clinical investigation.
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