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Abstract

Obesity, type 2 diabetes mellitus, and consequent cardiovascular disease are major public health issues
worldwide. There is growing evidence that the increasing prevalence of obesity cannot only be explained by
a combination of genes, nutritional habits, and decreased physical activity. An additional factor influencing
human metabolism and adiposity, which has recently been considered, is the intestinal microbiota. Obesity
is associated with substantial changes in the composition and metabolic function of the commensal bacte-
rial strains living within the human gut. However, the molecular mechanism(s) that mediate the effects of the
gut microbiota on host metabolism and metabolic disease are still largely unknown. This review summarizes
the latest results in this fascinating new area of research. m Heart Metab. 2014;63:18-22
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e are in the midst of a worldwide obesity

epidemic, a major factor in the development

of common medical conditions such as type
2 diabetes, dyslipidemia, and cardiovascular disease.
Obesity is a multifactorial disorder influenced by a
mixture of genetic and environmental factors. During
the last few years, a growing body of literature points
toward a role for the gut microbiota and its function
that is encoded by its genome (also called the microbi-
ome) in various diseases ranging from gastrointestinal
tract diseases, such as inflammatory bowel disease,
to obesity."® This review discusses the most recent
findings and insights into the relationship between the
human microbiota, obesity, and insulin resistance.

The human gut microbiota
The adult human intestinal tract contains a large vari-
ety of microorganisms, of which bacteria are the most

dominant and diverse. The size of this population, up
to 100 trillion/g of intestinal material, far exceeds that
of all other microbial communities associated with the
body’s surface. As a whole, the microbiome is more
than 100 times larger than the human genome.*s
Accordingly, our microbiota can be viewed as a for-
gotten organ that contributes to overall metabolism
and plays a role in converting food into nutrients and
energy.®

Until recently, our understanding of human gut
microbiota was limited, as the majority of the dominant
(anaerobic) gut microbiota cannot yet be cultured.
The development of 16S ribosomal RNA (rRNA) and
genome sequence-based methods has improved
the understanding of the gut microbial ecology in
humans and mice.” The diversity of the gut micro-
biota in both mice and humans is low at the phylum
level, where the majority of species (>90%) belong
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to Bacteroidetes, Firmicutes, and Actinobacteria. In
contrast, the microbial diversity at the species level is
very high,8® which was confirmed in a recent metage-
nomic sequence analysis that revealed a reference
set of over 3 million genes in over 100 subjects.

The intestinal microbiota of the newborn human
was thought to be essentially sterile, but recent
data suggest that modest bacterial translocation
via placental circulation occurs antenatally and is
likely to provide a primitive bacterial community to
the meconium.™ Although the new concept of fetal
intestinal colonization remains controversial, ongoing
studies using 16S ribosomal RNA (rBNA) gene pyro-
sequencing to characterize the bacterial population
in the meconium of preterm infants suggest that the
bacteria of the maternal intestine are able to cross
the placental barrier and act as the initial inoculum
for the fetal gut microbiota.'®" After transformation
to the adult-type, the gut microbiota remains remark-
ably constant, fluctuating around an individual core
of stable colonizers.'"'® The composition of the
microbiota is considered to be influenced by the host
genotype, colonization history, the physiology of the
host and environmental factors.™

Several studies showed that the genetic makeup
of the individual influences the composition of the
core microbiota as was confirmed in a recent analysis
of obese and lean twins.® The human gut microbiota
is shared among family members, but each person’s
gut microbial community varies in the specific bac-
terial lineages present, with a comparable degree
of covariation between twin pairs.® However, there
was a wide array of shared microbial genes among
sampled individuals, comprising an extensive, iden-
tifiable ‘core microbiome’ at the gene, rather than at
the organism lineage level, suggesting that certain
functions are tolerated, or even transmissible, traits in
host metabolism.®

Gut microbiota and obesity
The initial link between gut microbial ecology and
obesity was made by Gordon et al.2 They found that

Max NiEuwborP
Gut microbes and cardiometabolic risk

young conventionally reared mice have 42% more
total body fat and 47% more gonadal fat than germ-
free mice. This was surprising since the control mice
had a lower caloric intake than germ-free mice. The
presence of microbiota per se apparently increased
the energy vyield from the host organism’s diet.
Following-up on this observation, the same group
demonstrated that colonization of young germ-free
mice with microbiota from conventionally reared mice
produces a 60% increase in body fat mass associ-
ated with increased insulin resistance, despite lower
energy intake. Moreover, they also demonstrated
that fecal transplantation with microbiota from obese
mice (ob/ob) results in a significantly greater increase
in total body fat than colonization with microbiota
from lean donors.'® Again, these findings underscore
the increased ability of microbiota, in obese animals,
to extract energy from the diet and provide it to the
host.™1"

The gut microbiota does not influence only host
adiposity through energy extraction from the diet,
but also by messenger molecules that influence
metabolism throughout the body. For instance, the
gut microbiota regulates an important gut-derived
regulator of lipid metabolism; fasting-induced adi-
pose factor (FIAF) also referred to as angiopoietin-like
protein 4 (ANGPTL4). FIAF regulates fatty oxidation in
both muscle and adipose tissue.'® Microbial coloniza-
tion of the gut suppresses FIAF expression, leading
to suppression of lipoprotein lipase (LPL), and hence,
to a greater proportion of triglycerides in adipose tis-
sue. Furthermore, germ-free Fiaf-knockout mice are
no longer protected against diet-induced obesity.°
Backhed et al also demonstrated that germ-free
mice have increased levels of phosphorylated AMP-
activated protein kinase in the muscle and liver, which
would stimulate free fatty acid oxidation.'® Therefore,
germ-free animals seem to be protected from diet-
induced obesity by two complementary, but indepen-
dent mechanisms, which results in decreased fatty
acid storage, elevated levels of FIAF, and increased
AMP-activated protein kinase activity.

Several studies in both mice and humans dem-
onstrated that obesity is associated with an altered
gut microbial ecology, hallmarked by lower microbial
diversity and decreased levels of Bacteroidetes.?'-2
The shift in microbial composition is associated with
alterations in the gut microbial metagenome, notably
there is an enrichment of genes involved in energy
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harvesting.'® Ley et al analyzed 5088 bacterial 16S
rRNA gene sequences from fat mice (ob/ob phe-
notype), lean mice (ob/+ phenotype), and wild-type
mice and showed that obese animals have a 50%
reduction in the abundance of Bacteroidetes and a
proportional increase in Firmicutes.® A subsequent
metagenomic analysis of these same microbial com-
munities, which was based on shotgun sequencing
of the microbial community DNA, showed enrichment
in genes involved in energy extraction from food in the
microbiome from ob/ob mice relative to the micro-
biome from ob/+ mice. A microbiota with a greater
energy extraction efficiency resulted in less leftover
energy in feces and higher levels of short-chain fatty
acids (SFCAs) in the cecum.

Similar to these animal experiments, Bacteroidetes
tend to decrease and Firmicutes increase in the feces
of obese compared with lean humans.? Obese people
harbor fewer Bacteroidetes and more Firmicutes than
lean controls, and after following a carbohydrate-
or fat-restricted low-energy diet, Bacteroidetes
increased and Firmicutes decreased. These data
suggest a relationship between obesity and diversity
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of intestinal microbiota. However, other studies were
not able to support these specific findings,*?' which is
most likely due to differences in formulation between
(local) diets, as dietary composition has recently
gained interest as one of the most important drivers
of gut microbiota composition.?

Gut microbiota, low grade inflammation, and type 2

diabetes

Several studies provided evidence that gut microbial
composition is associated with insulin resistance. As
expected, the decreased adiposity in germ-free mice
is associated with improved insulin sensitivity and
glucose tolerance. However, gut microbiota may also
have direct effects on host glucose metabolism.

One way for bacteria to affect insulin sensitivity is
through metabolic inflammation caused by elevated
endotoxin levels. Lipopolysaccharide (LPS) is con-
tinuously produced in the gut through lysis of gram-
negative bacteria. LPS is a powerful trigger for secretion
of a series of proinflammatory cytokines. Continuous
subcutaneous low-rate infusion of LPS led to exces-
sive weight gain and insulin resistance in mice, without
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Fig. 1 The major pathways by which intestinal microbiota can alter human cardiometabolism. Chronic bacterial translocation (due to increased
intestinal permeability) can drive systemic inflammation leading to macrophage influx into (visceral) adipose tissue, activation of hepatic Kupffer
cells resulting in NAFLD and insulin resistance. Moreover, SCFAs normalize intestinal permeability and alter de novo lipogenesis and gluconeo-
genesis via reduction of FFA production by visceral adijpose tissue. Finally, TMIAO can accelerate atherosclerosis and vascular inflammation
via influx of macrophages and cholesterol accumulation by up-regulation of macrophage scavenger receptors and reduction in reverse

cholesterol transport.

Abbreviations: FFA, free fatty acids; NAFLD, non-alcoholic fatty liver disease; SCFAs, short chain fatty acids; TMAQ, trimethylamine-N-oxide.
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altering energy intake.® Le Chatelier et al showed that
an altered diet affects gut microbiota composition,
which was associated with an adverse cardiovascular
risk profile including glucose intolerance, dyslipidemia,
and a chronic low grade (LPS-driven) inflammatory
state (Figure 1).2 Recent association studies by Qin
et al (performed in China)** and Karlsson et al (per-
formed in Europe)? reported differences in microbiota
composition and diversity between a cohort of patients
with type 2 diabetes and a group of healthy individuals.
Independently, each study founds that the microbiota
of subjects with type 2 diabetes had a lower propor-
tion of butyrate-producing Clostridia (Roseburia spe-
cies and Faecalibacterium prausnitzi), and a greater
proportion of nonbutyrate producing Clostridia as well
as pathogens such as Clostridium clostridioforme.
Moreover, Karlsson et al found that an increased
proportion of Lactobacillus gasseri and Streptococcus
mutans (commensal bacteria in the mouth and upper
intestinal tract) were predictive of developing type 2
diabetes in this cohort of obese but otherwise healthy
postmenopausal females. Qin et al observed a greater
proportion of Escherichia coli, which produces LPS to
cause endotoxemia, in patients with type 2 diabetes.
These studies raise interest in the association between
intestinal bacterial composition, reduced butyrate pro-
duction, and chronic low-grade inflammation leading
to type 2 diabetes.

Gut microbiota and cardiovascular disease

Besides obesity, intestinal microbiota might also be
involved in atherogenesis. Specific dietary nutrients
characterized by trimethylamine groups (eg, choline,
phosphatidylcholine, and carnitine) are metabolized
into the atherogenic compound trimethylamine-N-
oxide (TMAQ) by bacteria (Figure 7)*2" and were
found to be independent risk factors for cardiovas-
cular events. Studies using germ-free mice or mice
given broad-spectrum antibiotics demonstrated that
the intestinal microbiota is required for the formation
of TMAQ. Bacterial colonization of germ-free mice
increases their plasma levels of TMAQ, indicating that
the intestinal microbiota are required for generation
of this compound from sources of dietary choline or
carnitine (such as eggs, milk, and red meat).* For
example, carnitine is an abundant nutrient in red
meat, and the intestinal microbiota mediates produc-
tion of TMAQO from dietary L-carnitine.
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Modulation of gut microbiota composition

Emerging data suggest that an imbalance in the
composition of gut microbiota is related to obesity and
metabolic disease. Taking a reductionist approach,
directly interfering with gut microbiota may ameliorate
obesity and the associated insulin resistance. Bile acids
have been highlighted as crucial metabolic integrators
and signaling molecules involved in the regulation of
metabolic pathways including glucose, lipid, and energy
metabolism.® Interestingly, short term administration of
antibiotics in humans significantly altered the fecal bile
acid with a reduction in secondary bile acids compared
with primary bile acids as well as deterioration of insulin
sensitivity.?8 Another intervention to support the causal
role of intestinal microbiota in human metabolism and
insulin resistance could be the use of fecal transplanta-
tion. We examined this hypothesis by transplantation
of feces from a lean human donor in participants with
a metabolic syndrome (body mass index >30 kg/
m?; fasting plasma glucose >5.6; triglycerides >1.6
mmol/L, with no medication use). In this double-blind
randomized controlled trial we investigated the effect of
transplantation of donor feces on glucose homeostasis
and lipid metabolism.?® Following poly-ethylene-glycol
bowel lavage through the duodenal tube, subjects were
randomized to either allogenic (from a lean male donor
with body mass index <23 kg/m?, n=9), or autologous
(reinfusion of own collected feces, n=9) fecal trans-
plantation. We studied changes in the gut microbiota
composition, glucose metabolism (hepatic and periph-
eral insulin sensitivity as assessed by hyperinsulinemic
euglycemic clamp with stable isotopes), and fasting
lipid profiles. We found that bacteria producing short
chain fatty acids (SCFA) were significantly upregulated
in both small intestinal biopsies and fecal samples of
metabolic syndrome patients that were treated with
allogenic donor feces. However, the exact nature of this
symbiotic relationship remains to be elucidated. With
high-throughput approaches aimed at documenting
diversity at the metagenome level, we might actually be
able to unravel the role of the gut microbiota in human
metabolism® and use this technique as a working tool
to discover novel diagnostic and therapeutic capacities
of the intestinal microbiota.*

Conclusion

Accumulating data from both patients and animal
models relate imbalances in the composition of the
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gut microbiota to obesity and its associated dis-
eases. However, the exact role of the microbiota and
the mechanism mediating its impact on metabolic
functions are just beginning to be unraveled. The
approaches used to characterize gut microbiota vary
widely, which might explain, in part, why the specific
alterations in the microbiota can also vary between
studies. Comparisons between studies will require a
uniform method for measuring the microbial compo-
sition. However, irrespective of the specific changes
observed in microbial communities, evidence sug-
gests that gut microbiota do indeed respond and
contribute to the host’s energy balance. They may
do this by variable and possibly interactive signaling
mechanisms. The major challenge will be to identify
and modulate the gut microbiota (or its signaling to
the host) to prevent disease and promote health. m
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