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Introduction
The gut microbiome has been implicated in the etiopathogenesis of 
multiple diseases ranging from the intestinal (inflammatory bowel 
diseases, colon cancer) to the neurological (Parkinson’s disease, 
autism). However, definition of the microbiome’s role in metabolic 
diseases has remained elusive. The primary reason is that the very 
factors believed to be central drivers of dysmetabolism are also 
believed to be the primary drivers of our gut microbiome compo-
sition: diet and lifestyle. While it is conceptually intuitive that the 
gut microbiome and host metabolism would be interrelated, dis-
entangling cause and effect remains a challenge. In this Review we 
will explore the evidence for a link between the gut microbiome 
and metabolic events that contribute to the metabolic syndrome 
(MetS). In particular, we will take a gut-centric view of MetS that 
roots itself in the hypothesis that chronic systemic defects, such 
as MetS, may begin here, where immune, hormonal, nervous, and 
microbial signals converge (Figure 1).

Defining and redefining the metabolic syndrome
The term “metabolic syndrome” was first coined in the 1970s by 
Herman Haller, who was studying the various risks associated 
with atherosclerosis. However, the association of dysmetabolism 
with cardiovascular risk factors was documented as early as the 
1920s; the link between these cardiovascular risk factors and 
android adiposity (the accompanying phenotype, characterized 
by fat distribution in the trunk and upper body) was described 
shortly thereafter. Then, in 1988, Gerald Reaven offered a new 
name for MetS, “syndrome X,” which now emphasized insulin 
resistance among the constellation of risk factors (1).

Despite observation of these clinical findings for over 80 years, 
developing a standard definition for MetS has proved challenging. 
Multiple organizations, such as the World Health Organization, 

the American Association for Clinical Endocrinology, and the 
International Diabetes Federation, have since come out with their 
own definitions for MetS that, while overlapping, are not identical 
(2, 3). These definitions all include central obesity, dyslipidemia, 
insulin resistance, and hypertension, but the definition and cut-
offs of these individual risk factors vary. To further complicate, or 
perhaps shed light on, MetS, additional risk factors may begin to 
emerge as more studies are conducted and more data generated. 
For example, the gut has been wholly ignored in the definition of 
MetS, but data from the last decade, as the microbiome field has 
come to the fore, have shown that mechanisms leading to MetS 
risk factors may originate in the gut.

Evidence for a gut-centric theory of MetS emerged in 2007 
with a series of studies in rodents and humans showing that 
chronic consumption of a high-fat diet (HFD) leads to intestinal 
barrier defects that facilitate the passage of intestinal luminal con-
tents (food antigen, bacterial by-products, bacteria themselves), 
and bacterial lipopolysaccharide (LPS) in particular, into systemic 
circulation. The ensuing low-grade inflammation and its perpetu-
ation was coined metabolic endotoxemia for its inhibitory effect 
on normal glycemic function (4, 5). This was the first report of 
bacterial LPS activation of Toll-like receptors (TLRs) leading to 
an innate immune response that impaired insulin sensitivity. As 
a result, the study of factors affecting intestinal permeability has 
become one of the most promising areas of microbiome research. 
Furthermore, areas of research with an established involvement 
in metabolic diseases, such as the role of bile acids as bioactive 
molecules, and circadian misalignment, have since been found to 
be influenced by and have an impact on the gut microbiome and 
its metabolites. Findings from these compelling areas of research 
may ultimately lead to additional defining phenotypes of MetS 
that take into account defects at the level of the gut.

The microbiome: a historical perspective
The emergence of the fields of bacteriology and microbiology in 
the early 1800s took disease out of the realm of the spiritual, where 
it was believed to be caused by evil spirits, curses, or punishment 
for wrongdoings, and into the realm of pathogenesis (6). Early  
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(7). What today is called wild fermentation, in which the grape 
juice is allowed to ferment in the natural yeasts of open air, was 
commonly practiced at the time. In the 1800s it was believed that 
the fermentative process was caused by air itself, but Pasteur dis-
covered that the yeasts in the open environment were responsible. 
Interestingly, however, he found that if bacteria found their way 
into the wine, the juice would spoil. These were the beginnings of 
the germ theory of disease, which suggested that environmental 
microorganisms were the source of most diseases (8).

Two subsequent seminal discoveries bridged the gap between 
environmental bacteriology and human disease. In 1876 a Ger-
man physician, Robert Koch, proved that a single bacterium could 
cause a disease. He discovered rod-shaped structures in the blood 
of humans and livestock that were mysteriously dying across 
Europe. Through a series of sophisticated experiments isolating 
the structures from blood and reintroducing them into healthy 
animals, he determined they were living bacteria, which he named 
Bacillus anthracis — what we know today as anthrax (9). The exper-
iments he conducted led to the series of scientific principles, 
Koch’s postulates, that one uses to determine whether a particular 
microorganism is responsible for disease. While these postulates 
have been slightly modified over time, they are still an accepted 
set of experiments for determining a microbe’s role in disease 
(10). It wasn’t, however, until Theodor Escherich’s 1885 discovery 
of what is now called Escherichia coli isolated from the colons of 
healthy children that evidence for gut-resident bacteria emerged. 
Escherich determined that some of the discovered E. coli strains 
were innocuous, while others were responsible for infant gastro-
enteritis. Here emerged not only the concept of native gut micro-
biota, but also that of strain variation of a bacterium in different 
contexts and individuals — a concept heavily investigated in the 
microbiome field today (11–13).

The nearly 100 years that followed was an era of infectious 
disease control and vaccine development. These heroic efforts 
curtailed diseases that once killed by the thousands. This period 
was followed by a new era, ushered in by Carl Woese and George 
Fox, that redefined the tree of life on the basis of genetic signature 
rather than morphology (14). In their seminal paper, arguably one 
of the most influential microbiology publications to date, Woese 
and Fox showed that the ribosomal RNA of all living things binned 
all creatures into three categories, ultimately, archaea, bacteria, 
and eukarya. The bacterial RNA signature was the 16S rRNA, and 
subsequent work by Norman Pace, Stanley Falkow, and David  
Relman showed that molecular tools could be used to reliably 
identify bacteria in mixed organism communities based on the 
16S rRNA (15), and that these tools could be applied to the identi-
fication of bacteria in human tissues (16). With this, the genomic 
revolution of microbiology had begun, converting the study of the 
trillions of bacteria that live in and on us into an “ome.”

Since the popularization of the term “microbiome” by Joshua  
Lederberg in 2001, defined as “the ecological community of com-
mensal, symbiotic, and pathogenic microorganisms that literally 
share our body space” (17), over 15,000 scholarly articles have been 
published describing the putative roles of the intestinal microbiota 
in both the maintenance of health and the development of disease. 
While the microbiome’s reach is now far and wide in terms of its 
putative involvement in diseases, syndromes, and conditions, pin-

observations by Redi, Virchow, and Pasteur of sterile laboratory 
conditions disproved the accepted theory that life erupted from 
nonliving material. This theory of spontaneous generation, based 
on observations of maggots emerging from old meat, for exam-
ple, could not be demonstrated in sterile conditions. Pasteur later 
showed that bacteria exist in “nonliving” materials such as wine 

Figure 1. A model for the gut microbiome’s interaction with the intestinal 
epithelial barrier and its contribution to metabolic diseases. From the 
top: High-fat, low-fiber diet induces intestinal dysbiosis, resulting in 
aberrant metabolite concentrations that disrupt GLP-2–mediated tight 
junction integrity. This loss of integrity makes the gut epithelium more 
permissive to microbial lipopolysaccharide (LPS), trimethylamine (TMA), 
and other metabolites entering the circulation and contributing to the 
chronic inflammation of liver and adipose tissue that is associated with 
the development of cardiovascular disease, insulin resistance, and other 
conditions associated with the metabolic syndrome.
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tivity and reduced insulinemia and plasma total cholesterol (34). 
Therefore, while the relationship between diet and the micro
biome may be involved in developing obesity, it may also be a part 
of the solution.

Further evidence of this was seen in a study in which rodents 
fed a diet with a high level of fermentable dietary fiber were 
found to be protected against diet-induced obesity and related 
metabolic defects (5). In this study, rats pretreated for 35 days 
with oligofructose, a dietary fiber, did not exhibit hyperphagia, 
weight gain, or increased serum triglycerides when exposed to 
an HFD. The authors determined that metabolites produced by 
microbial fermentation of fibers induced the production of the 
endogenous peptides glucagon-like peptide-1 (GLP-1) and GLP-2. 
GLP-1 is known to have beneficial effects on glucose metabolism, 
and GLP-2 has been shown to improve intestinal epithelial tight 
junction integrity (5). Other studies supporting the role of the gut 
microbiome in developing obesity demonstrated that mice prone 
to obesity and hepatosteatosis when vendor-bred lost these phe-
notypes after three generations of breeding in a research vivarium 
(35, 36). Given evidence that the microbiome is heavily influenced 
by diet and the environment, these data suggest a unique suscepti-
bility of certain microbial signatures to metabolic disease.

While diet is the major influencer of our gut microbiome’s 
composition and behavior, the microbiome is also sensitive to 
other external cues from our environment that can exacerbate 
the purported detrimental effects of high-fat, high-sugar West-
ern diets. Technology has allowed humans to manipulate their 
light/dark cycle, rather than the other way around, as illustrated 
by overnight shift work and international travel. However, the 
body and its central and peripheral circadian clocks evolved in 
and still operate on a natural light/dark cycle that follows the 
24-hour rotation of the earth (37). We now know that many of 
the body’s natural biological processes, including hormone 
release and blood glucose levels, exhibit cyclical patterns during 
a 24-hour period (38, 39). Interference with this cycle has been 
shown to promote obesity (40, 41), and affect insulin sensitivity 
(42) and lipid metabolism (43).

At the level of the gut, intestinal hormones and immune 
cells exhibit natural diurnal fluxes under homeostatic conditions 
(44, 45). Recent findings have revealed that disturbances in the 
gut microbiota, either through antibiotic depletion or chronic 
consumption of an HFD, can lead to local circadian disruption 
that promotes weight gain or abnormal glucose fluxes (46–49). 
For example, Leone et al. found that typical diurnal clock gene 
expression in the brain and liver was absent in germ-free mice, 
regardless of low-fat or high-fat diet (49). However, conven-
tionally raised mice with an intact microbiota retained normal 
homeostatic clock gene expression, but only when fed a low-fat 
diet (49). If these mice were fed an HFD, circadian disruption 
was observed. Interestingly, it was previously reported that the 
abundance of several genera of the gut microbiota naturally 
experiences diurnal shifts in abundance (49). In this study, and 
in others, it was found that chronic ad libitum feeding, especially 
of an HFD, creates an arrhythmic microbiome, which in turn dis-
rupts the liver clock genes that direct free fatty acid uptake and 
release (47, 48). Furthermore, Thaiss et al. showed in mice that 
the mucus barrier of the gut also exhibits cyclical shifts in thick-

ning down exact mechanisms and patterns in human cohorts has 
proved challenging because of the microbiome’s exquisite sensitiv-
ity to environmental perturbations and the difficulty of accessing 
certain body sites. Therefore, MetS, being a constellation of risk 
factors rather than a single condition, has been approached in the 
microbiome field by first decoupling the risk factors and investigat-
ing whether there are microbial links to, for example, cardiovascu-
lar disease, or obesity, or dyslipidemia. Therefore, in this Review, 
we follow the same approach and address some of the most com-
pelling recent findings regarding specific risk factors and their 
potential relationship with the gut microbiome.

The microbiome and obesity
The prevalence of obesity in Western nations and, increasingly, 
in non-Western nations is a driving force behind the heightened 
medical interest in and recognition of MetS (18). Before 1980, 
roughly 15% of the US adult population was overweight (19). By 
2015 to 2016, the prevalence of obesity among adults in the US 
reached a documented high of 39.8% — a nearly 25% increase 
over a span of 35 years (19). This rapid rise in obesity rates, coupled 
with increasing evidence that central obesity is a major risk fac-
tor for type 2 diabetes and cardiovascular disease, has warranted 
the use of the term “epidemic” and made obesity and MetS one of 
our nation’s largest public health issues. While the development of 
obesity has historically been thought of as an imbalance between 
energy expenditure and intake, a substantial body of literature 
suggests that the regulation of body weight is more complex (20). 
In the context of MetS, additional consideration should be made 
of an individual’s unique metabolic processing of foods, genetics, 
lifestyle choices, and gut microbiome.

While the gut microbiome is responsive to large swings in 
caloric intake (21, 22), multiple studies show it is most sensitive to 
diet composition. This was nicely demonstrated by David et al. in 
a human study in which volunteers were placed on either a plant-
based diet (grains, legumes, fruits, and vegetables) or an animal- 
based diet (meats, eggs, and cheeses) for 5 consecutive days. After 
these 5 days, there were significant temporal alterations in their 
microbial communities. Participants placed on animal-based diets 
experienced a bloom of bile-tolerant microbes (Alistipes, Bilophi-
la, and Bacteroides) and a decrease in the abundance of fiber- 
fermenting bacteria (22). Additional studies have demonstrated  
microbial sensitivity to nuances in dietary fat composition (23, 
24), fiber types (25, 26), and food additives (27, 28). Dietary fats 
are particularly interesting, as some fatty acids possess anti
microbial activity, but this property depends on the number of car-
bons and the number, position, and orientation of the C=C double 
bonds (29). Furthermore, Caesar et al. showed that rats fed a lard-
based diet experienced a bloom of the proinflammatory Bilophila  
wadsworthia, while those fed a fish oil–based diet experienced 
blooms of Lactobacillus and Akkermansia muciniphila (30). Blooms 
of A. muciniphila have been negatively correlated with obesity,  
treatment-naive type 2 diabetes, and hypertension (31–33). 
Recently, the first human trial involving oral A. muciniphila 
supplementation was conducted in overweight/obese insulin- 
resistant individuals. This double-blind, placebo-controlled, ran-
domized crossover study involved daily supplementation for 3 
months, which resulted in significantly improved insulin sensi-
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supplementation, subjects experienced reductions in weight, 
abdominal adipose tissue, and hepatic fat, and maintained insulin 
sensitivity (59).

A separate, double-blind, randomized crossover study was 
conducted to determine the preventative effects of lupin kernel 
fiber, a fiber derived from legumes, or citrus fiber on cardiovascu-
lar disease (60). The authors found that after three interventional 
feeding periods of 4 weeks in duration, study volunteers placed on 
the high-fiber diets (i.e., lupin or citrus fiber) experienced a reduc-
tion in C-reactive protein, systolic blood pressure, and circulating 
blood lipids, in addition to experiencing higher satiety, weight 
loss, and a reduction in waist circumference. The authors hypoth-
esized that the lipid-lowering effects of a high-fiber diet were the 
result of SCFA production. This claim is supported by participants’ 
fecal SCFA content, particularly acetate and propionate, which 
were increased significantly in both of the high-fiber diets in com-
parison with control and individual baselines (60).

However, Perry et al. found that acetate, when produced in 
elevated quantities by the gut microbiota, could activate the para-
sympathetic nervous system, leading to increased glucose-stimu-
lated insulin secretion, ghrelin secretion, hyperphagia, and obesi-
ty (61). When acetate was infused directly into rats, they exhibited 
impaired glucose disposal and impaired insulin suppression of 
hepatic gluconeogenesis during a hyperglycemic-euglycemic 
clamp. These rats also exhibited increases in plasma, liver, and 
skeletal muscle triglyceride content (61). These data highlight that 
microbe-derived SCFAs are bioactive by-products that interact 
with host metabolism in complex ways. Whether the end effect is 
positive or negative is likely highly context-dependent.

Microbial components can also present risk for MetS. While 
SCFAs can produce large tropic effects on the body and health, 
components of the bacterial cell wall like LPS and peptidoglycan 
can be recognized by the host immune system and contribute to car-
diovascular disease risk (62). For example, mice injected with LPS  
exhibited a reduction in plasma HDL cholesterol and elevations 
in plasma triglycerides (63). This association was not limited to 
rodents, as a retrospective human study conducted on 587 individu-
als from the Finnish Diabetic Neuropathy cohort revealed that those 
with the highest levels of serum LPS also presented with signifi
cantly higher levels of serum triglycerides and blood pressure (64).

Compelling lines of evidence further implicate the micro-
biome in promoting cardiovascular disease risk. Studies in  
antibiotic-treated and germ-free mice suggest an obligate role 
for the gut microbiome in converting dietary phosphatidylcho-
line to the pro-atherosclerotic molecule trimethylamine N-oxide  
(TMAO) (65, 66). In this context, microbes cleave dietary cho-
line from animal products to trimethylamine (TMA), which is in 
turn oxidized by the liver, via the hepatic flavin monooxygen-
ase 3 (FMO3), to form TMAO. Patients with atherosclerosis had 
significantly higher levels of circulating TMAO compared with 
healthy controls (66). Furthermore, in a recent human study, 
vegans and omnivores challenged with dietary choline supple-
mentation demonstrated dose-dependent increases of TMAO 
in the circulation (67). Interestingly, the prothrombotic pheno-
type is completely abolished upon treatment with broad-spec-
trum antibiotics, strongly suggesting a role for the microbiome 
in this phenomenon.

ness that correspond to these shifts in microbial abundance (45). 
These data suggest that disrupting the gut microbiome’s circadian  
rhythms can also potentially lead to barrier defects.

Collectively, these data suggest that the gut microbiome 
may mediate or even orchestrate events locally in the intestines, 
through the influence of diet, that alter their metabolite signaling 
to the rest of the body. This signaling interacts with host metabo-
lism in ways we are just beginning to understand. Further research 
will be needed to understand how to leverage the microbiome in 
the prevention and treatment of obesity.

Bacterial metabolites and dyslipidemia
Dyslipidemia is an umbrella term used to describe an abnormal 
amount of lipids in the blood. Diagnostic criteria for MetS define 
dyslipidemia as an elevation in circulating triglycerides or a reduc-
tion in circulating high-density lipoprotein (HDL) (50). Both the 
National Cholesterol Education Program ATPIII guidelines and the 
International Diabetes Federation state that HDL cholesterol less 
than 1.0 mmol/L (40 mg/dL) in men and less than 1.3 mmol/L (50 
mg/dL) in women, or blood triglycerides greater than 1.7 mmol/L 
(150 mg/dL), should be flagged as abnormal values. Dyslipidemia 
and the resulting atherosclerotic plaques remain major risk factors 
for cardiovascular disease and are often intricately linked with 
impaired glucose metabolism and obesity (51).

In an effort to disentangle cause and effect in dyslipidemia, sci-
entists have turned to the microbiome for clues and possible solu-
tions. Short-chain fatty acids (SCFAs) are the metabolic end products 
of microbial fermentation of dietary fibers and present a poten-
tially promising therapeutic role in mitigating the consequences of 
long-standing dyslipidemia (52). The human gut does not have the 
enzymatic capacity to break down certain foods, namely, complex 
carbohydrates in the form of dietary fiber. However, unique taxa of 
anaerobic bacteria that reside in the cecum and the large intestine 
can ferment these fibers into a wide variety of by-products. The most 
heavily studied of these by-products are the SCFAs.

The three most abundant SCFAs in the human colon are 
acetate, propionate, and butyrate, which are found at an approx-
imate molar ratio of 60:20:20, respectively (52). While acetate 
is produced in the largest proportion, a majority of it bypass-
es the splanchnic circulation to be oxidized by muscle or used 
by adipocytes for lipogenesis, while the remaining acetate is 
converted to butyrate by luminal bacteria (53–55). Butyrate 
has been of particular interest for its known benefits in pro-
viding energy to intestinal epithelial cells, promoting colo-
nocyte health, and maintaining intestinal epithelial integrity  
(56). Butyrate levels in patients with inflammatory diseases are also 
reported to be significantly lower than those in healthy controls 
(56, 57). Butyrate supplementation has also been shown to directly  
induce intestinal gluconeogenesis (IGN) genes in human Caco-
2 cells via a cAMP-mediated mechanism (58). This study also 
showed that intestinal glucose production promoted beneficial 
effects on food intake and glucose metabolism via the peripheral 
nervous system. Propionate, on the other hand, was able to indi-
rectly induce IGN via a gut-brain neural connection. Interesting-
ly, propionate has also been shown to stimulate intestinal release 
of the satiety hormone peptide YY (PYY) and GLP-1, leading to 
reduced energy intake in humans. After 24 weeks of propionate 
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structures consisting of phagocytosing macrophages. These adi-
pocytes themselves, along with the macrophages, produce pro
inflammatory cytokines and chemokines (78, 79). Cai et al. further 
discovered that HFD-induced obesity leads to chronic activation 
of NF-κB in the liver. This subacute inflammation led to hypergly-
cemia and profound hepatic insulin resistance (80). These semi-
nal studies established chronic low-grade inflammation as a cen-
tral factor contributing to the development of diabetes.

HFDs are often used experimentally to trigger inflammatory 
events leading to altered metabolism; however, substantial efforts 
are under way to understand what factors, in addition to HFDs, 
are inflammatory triggers. Here, the gut microbiome, specifically  
intestinal pathobionts (commensal bacteria that can become 
pathogenic), is proving to be a promising avenue. A study by Vaziri 
et al. in chronic kidney disease showed that the microbiome might 
contribute to oxidative stress conditions by releasing uremic tox-
ins such as indoxyl sulfate and p-cresyl sulfate, adding to oxidative 
stress and inflammation in the kidneys (81). Thus, it can be specu-
lated that a specific subpopulation of the microbiome might thrive 
in these oxidative conditions, in turn contributing to the disease 
state. This concept was explored more deeply by Byndloss et al. in 
a study whereby the natural anaerobic homeostasis of the intestine 
was intentionally disrupted, resulting in the discovery that an oxy-
genated intestine promotes expansion of pathobionts and leads to 
inflammation (82). The elegant mechanism leverages the fact that 
intestinal PPARγ limits bioavailability of oxygen in the lumen via 
β-oxidation in colonocytes. The stimulant for this natural process is 
bacterially produced butyrate. When butyrate-producing bacteria 
were eradicated from the gut by antibiotics, luminal oxygen levels 
increased and pathogenic forms of E. coli and Salmonella bloomed 
(82). Another intriguing gut-centric mechanism that may lead to 
dysmetabolism induced by low-grade inflammation is the role of 
the intracellular endocannabinoid (ECB) system. Obese individu-
als have increased levels of ECB in adipose tissue and plasma, and 
bacterial LPS is known to be a potent stimulator of ECB synthesis 
(83). Pharmacological or genetic inhibition of the cannabinoid 
receptor CB1 protects against obesity, hepatic steatosis, and low-
grade inflammation. In subsequent rodent studies, the investiga-
tors concluded that the gut microbiome controls ECB activity in the 
colon and adipose tissue by comparing germ-free with conventional  
mice, as well as by testing dietary factors and genetically modified 
mice that are known to have altered gut microbiome composition 
(84). The putative role of the ECB system in healthy humans is still 
not well understood, but it is clear that it can be stimulated by bac-
terial LPS and leads to metabolic dysfunction in model systems.

A recent example that further extends the relationship 
between inflammation, altered glycemia, and intestinal permea-
bility can be found in the elegant study by Thaiss et al. Here the 
authors posit that dysmetabolism can be both a driver and the 
result of impaired barrier function. They carefully dissect the 
roles of leptin, the gut microbiome, and obesity in barrier func-
tion through systematic screening in multiple animal models 
and humans and ultimately determine that intracellular hyper-
glycemia in the intestinal epithelium, among the many factors 
that define dysmetabolism, is the driver (85). Furthermore, they 
address an often overlooked side effect of intestinal permeability: 
increased susceptibility to enteric infections. In all of the models 

Furthermore, it has been identified that the nuclear farnesoid 
X receptor (FXR), which is involved in bile acid metabolism in the 
liver and small intestines, can regulate FMO3 (68). Bennet et al. 
nicely demonstrated that FXR ligands administered to wild-type 
mice could induce FMO3 expression and increase TMAO levels, 
but this effect was abrogated in Fxr–/– mice (68). Treatment with 
dietary carnitine, a substrate for bacterial production of TMA, 
or TMAO directly, resulted in a reduction of the bile acid pool in 
mice (69). This would have likely effects on FXR activation. This 
potential interplay in the liver between TMAO and FXR is intrigu-
ing given the attention that has been paid to microbial activation 
of FXR, which is expressed in several metabolically active tissues, 
such as the liver and small intestines. At the same time, FXR ago-
nists, such as obeticholic acid (OBA), are currently being tested 
as a treatment in patients with nonalcoholic fatty liver disease 
(NAFLD) and nonalcoholic steatohepatitis (NASH). Mudaliar et 
al. in 2013 found that administering OBA for 6 weeks to patients 
with NAFLD and type 2 diabetes mellitus resulted in improved 
insulin sensitivity, compared with placebo (70). Furthermore, in 
NASH, Neuschwander-Tetri et al. found that patients with NASH 
exhibited significant improvement in the NASH activity score 
after 72 weeks of OBA treatment (71). However, it is unclear how 
the gut microbiome may be mediating these effects.

Altogether, this collection of data suggests that microbial 
metabolites, namely SCFAs derived from the fermentation of 
dietary fiber, could prove protective in the development of dyslip-
idemia and MetS, while other bacterial metabolites, such as TMA, 
secondary bile acids, or components of the bacterial cell wall such 
as LPS, may be drivers or strong contributors.

The microbiome, low-grade inflammation, and 
insulin resistance
While chronic low-grade inflammation is not an established fac-
tor defining MetS, it is an established factor in the etiopathogen-
esis of obesity and insulin resistance, and therefore is intimately 
related to the metabolic defects observed with MetS. The cen-
tral role of intestinal permeability in chronic low-grade inflam-
mation therefore makes the microbiome a central player in the 
inflammation-induced onslaught of metabolic defects.

Inflammation is described as a series of responses by vascu-
larized tissue to injury or infection (72). These responses are a nec-
essary protective response for survival, but prolonged exposure to 
stimuli and mobilization of immune cells can be detrimental. The 
first study linking chronic low-grade inflammation to obesity and 
insulin resistance was reported by Hotamisligl et al. in 1993; TNF-α 
overexpression in the adipose tissue of rodents led to insulin resis-
tance (73). This study was later extended to obese humans, in whom 
the authors discovered increased expression of TNF-α mRNA in 
obese adipose tissue in comparison with controls (74). The authors 
stated that metabolic cells such as adipocytes and hepatocytes are 
in close contact with immune cells and blood vessels. This proxim-
ity establishes constant communication between metabolism and 
immune responses (75).

Indeed, several studies have shown increased proinflam-
matory markers in adipose tissue of obese individuals (76) with 
enlarged adipocytes in mice and humans exhibiting macrophage 
infiltration (77) and dying adipocytes surrounded by crown-like 
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in which they induced intestinal hyperglycemia, the additional 
introduction of the Citrobacter rodentium pathogen resulted in 
increased systemic dissemination of the bacterium in compari-
son with controls. In humans, they measured 27 serum markers 
and correlated them with serum pathogen recognition receptor 
(PRR) ligands (i.e., surrogate markers of intestinal permeability) 
and found that the only marker that was positively associated with 
an increase in circulating PRR ligands was hemoglobin A1c (85). 
Collectively, these findings suggest that the relationship between 
chronic hyperglycemia, intestinal permeability, and increased 
risk for systemic infections may need to be considered part of the 
evolving MetS definition.

Fecal transplants and metabolic correction
Perhaps one of the most direct ways microbiome-induced pheno
types have been tested is through fecal microbiota transplants 
(FMTs). In this system, feces from a donor are transferred to a 
recipient via nasogastric tube, colonoscope, enema, capsule, or a 
combination of these. Therapeutically, this method has demon-
strated extraordinary success in curing colitis due to recurrent 
Clostridium difficile infection (86). The exact mechanism of its 
success is still not fully understood, but in this case FMT is essen-
tially restoring diversity of the recipient’s microbiome that was 
eradicated by long-term use of broad-spectrum antibiotics, and 
outcompeting C. difficile for vital niches in the intestine. This 
raises the question of whether FMT can be used for other indi-
cations — for example, to transfer a metabolically healthy micro-
biome into a recipient with MetS in the hope that the healthy 
phenotype will be transferred. This has been demonstrated in 
many rodent studies. Among the first was a study from Bäckhed 
et al., in which microbiota transferred from conventional mice 
into germ-free mice resulted in a 60% increase in body fat con-
tent and insulin resistance within 14 days despite reduced food 
intake (87). In humans, allogenic (but not autologous) transfer of 
microbiota from lean donors to obese individuals with MetS led 
to an increase in insulin sensitivity within 6 weeks, as well as an 
increase in butyrate-producing bacteria (88, 89). However, in a 
follow-up study that extended the observation period to 18 weeks 
after FMT, the gut microbiota composition and insulin sensitivity 
returned to baseline levels (89).

These data suggest that a metabolically healthy microbiome 
may exist, and that the associated phenotype can be transferred, 
via the microbiome, to individuals with MetS. Finally, some stud-
ies have emerged looking at whether the beneficial effects of phar-

macological treatment for dysmetabolism could be transferred 
to individuals with MetS. Metformin, for example, can promote 
blooms of Akkermansia muciniphila, typically regarded as a bene-
ficial bacterium, through an unknown mechanism (90, 91). When 
the metformin-treated human microbiome was transplanted into 
germ-free mice with glucose intolerance, the observed glucose 
defects were corrected (92). As compelling as these data may be, 
more studies with larger sample sizes and longer duration are 
required to determine the long-term stability of donor engraft-
ment and associated phenotypes.

Conclusions
The factors contributing to MetS are the result of complex host 
intrinsic factors such as genetics and the gut microbiome, and 
extrinsic factors such as diet and lifestyle. While genetics are essen-
tially fixed in time, the gut microbiome affords an opportunity to 
manipulate how the body processes external cues and potentially 
mitigate risk for MetS. Similarly, the data presented here also show 
that interactions of certain members of the gut microbiota com-
munity can also process external cues in a way that contributes 
to chronic low-grade inflammation, obesity, hyperglycemia, and 
dyslipidemia. Interestingly, dietary factors have been most widely  
implicated in causing metabolic defects, and also are accepted  
as the primary driver of our gut microbiota composition. The 
exquisite sensitivity of the gut microbiome not only to amount of 
food, but to dietary composition, acting as dietary biosensors for 
the host, makes it nearly impossible to divorce the role of the gut 
microbiome from considerations of how food choices affect host 
metabolism. However, additional environmental cues such as 
shifts in light/dark cycles leading to circadian disruption can now 
be seen to disrupt the natural diurnal variation in the gut micro
biota, which also has an impact on host metabolism. However, all 
the data to date still show that these effects are worsened if com-
bined with a high-fat or Western-type diet.

The microbiome field is still in its infancy compared with the 
long-standing study of endocrinology and metabolic diseases. 
Therefore, this discordance in the amount of data available on the 
microbiome’s role in metabolic diseases should elicit hope rather 
than frustration, as it only suggests that many more avenues of dis-
covery still remain.
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