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Recent studies reveal a potential contribution of intestinal microbes in the expression of certain human cardio-metabolic diseases. The mechan-

isms through which intestinal microbiota and/or their metabolic products alter systemic homoeostasis and cardio-metabolic disease risks are just

beginning to be dissected. Intervention studies in humans aiming to either selectively alter the composition of the intestinal microbiota or to

pharmacologically manipulate the microbiota to influence production of their metabolites are crucial next steps. The intestinal microbiome

represents a new potential therapeutic target for the treatment of cardio-metabolic diseases.
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Introduction

The human gut microbiome is a complex ecosystem, which
harbours a staggering number of microbes—~100 trillion—repre-
senting an estimated 5000 species.” The collective genome of gut
microbiota, termed the metagenome, contains close to 5 million
genes. The recent development of high-throughput sequencing
makes it feasible to examine the metagenome derived from stool
samples, allowing for comprehensive analyses of intestinal micro-
biota composition. When metagenomic analysis is combined with
clinical phenotypic data, it is known as a metagenome-wide associ-
ation study.” Despite the diversity between individuals, studies with
serial stool collections show that the unique core gut microbiota
composition of an individual remains remarkably stable over
time,>* pointing towards intestinal bacteria as a potential risk
factor for human cardio-metabolic disease. Indeed, in recent
years the gut microbiome has increasingly been acknowledged as
a novel contributor affecting host metabolism. Mounting evidence
in mice and humans is accumulating showing that gut microbiota
are linked with both cardiovascular health and the onset and devel-
opment of metabolic disorders, such as type 2 diabetes mellitus
(T2DM) and obesity.” In this review, we will describe how specific
changes in intestinal microbiota can affect host metabolism, and
how these findings may give rise to novel therapeutic targets for
obesity, diabetes, and cardiovascular disease (CVD).

Gut microbiota in obesity
and type 2 diabetes mellitus

The prevalence of obesity and T2DM s increasing at an alarming pace
worldwide, making obesity a primary public health concern. The
pathophysiology of obesity, insulin resistance (IR), and T2DM are
complex,and involve a combination of both genetic and environmen-
tal factors. Ingestion of food is a major environmental exposure, and it
is processed through the filter of the intestinal microbial community.
It is thus not surprising that there is growing appreciation that intes-
tinal microbiota contribute to how a given individual experiences this
environmental exposure, and accordingly, cardio-metabolic pheno-
types.® The human gut microbiota benefits the host in numerous
ways, playing a pivotal role in both innate immune and metabolic func-
tions. Gut microbiota can also provide functions not intrinsically
available to humans, such as the synthesis of vitamin K, or biotransfor-
mation of other nutrients. Intestinal microbiota enables their host to
extract calories from otherwise indigestible components of our diets,
such as plant polysaccharides. It is suggested that gut microbiota also
plays a role in harvesting energy from food and controlling energy
homoeostasis, implicating gut microbiota as a potential contributor
to the development of obesity and T2DM.’

Recent studies in both mice and humans show that an obese
phenotype is associated with changes in the intestinal microbial
composition compared with lean counterparts. Turnbaugh and
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colleagues®’ first demonstrated that the obesity phenotype was a
transmissible trait by showing caecal microbiome transplantation
into germ-free mice (who have sterile intestines) resulted in efficient
transmission of the obesity phenotype into recipients. The mechan-
ism(s) involved appear to involve more efficient energy harvest from
food with the obesity-related caecal microbiome. Bickhed et al."
have extended these observations and reported that germ-free
mice are relatively protected from obesity following the institution
of a Western high-fat sugar-rich diet. Conversely, colonization of
germ-free mice with caecum-derived microbiota from normal mice
(called ‘conventional’ because they are housed in conventional
cages) resulted in a significant increase in the total body fat content
without any change in dietary caloric intake. A potential mechanism
for the more efficient energy harvest from food is suggested to occur
via intestinal production of short-chain fatty acids (SCFA). Intestinal
microbes ferment non-digestible carbohydrates in order to yield
energy, leading to the production of SCFA in the form of acetate
(60%), propionate (25%), and butyrate (15%)”; however, the concen-
tration of faecal SCFA is highly dependable on the amount of daily
dietary fibre intake.” Short-chain fatty acids are readily absorbed in
the plasma of the host via the intestinal epithelium, and thus can
serve as an energy source, predominantly via metabolism in the
liver.>1® The role for intestinal bacteria in the production of SCFA
is clearly demonstrated by the observation that germ-free rats and
mice are characterized by reduced levels of intestinal SCFAs with a
concomitant increase in faecal excretion of non-digestible carbohy-
drates.® Moreover, both mouse models (ob/ob) and human disease
states (e.g. metabolic syndrome) characterized by IR also tend to
have decreased intestinal SCFA levels with a concomitant reduced
excreted energy content in their faeces.”'""? The complexity of
the relationship between gut microbiota composition and human
metabolism is attested to by the observation that not only
composition, but also relative proportions, as well as functional
capacity (e.g. SCFA production) of bacteria, may determine the
propensity towards obesity and IR.

Research into the role of gut microbiota in obesity and IR in
humans has focused on the relative proportions of specific bacterial
taxa, predominantly Bacteroidetes and Firmicutes."" ™" In this
respect, two recent landmark papers elegantly demonstrated the
diagnostic and clinical value of faecal microbiota composition in the
development of obesity-associated IR and T2DM.""8 Both studies
also showed that T2DM subjects were characterized by a reduction
in the number of Clostridiales bacteria, which produce the SCFA bu-
tyrate (e.g. Roseburia species and Faecalibacterium prausnitzii). Hence,
these studies lend support to a role of butyrate-producing bacteria as
regulators of human glucose and lipid metabolism, possibly via altera-
tions in intestinal permeability driving chronic inflammation.”
Whereas Qin etal."” reported an enrichment of Proteobacteria pre-
dicting T2DM; Karlsson et al."® identified an enrichment of Lactobacil-
lus gasseriand Streptococcus mutans (abundant in the mouth and upper
intestinal tract) as a predictor of T2DM. Potential causality of these
bacterial strains and T2DM is supported by the compositional
changes of faecal microbiota, particularly of the SCFA butyrate-
producing strains, following both faecal transplantation of lean
donors as well as a gastric bypass procedure (Roux-en-Y gastric
by|:vass),12'19'20 with both of these interventions being associated
with a marked improvement of IR.

Gut microbiota, inflammation,
and lipid metabolism

The majority of obese subjects will eventually develop chronic
(visceral) adipose tissue inflammation leading to production of
pro-inflammatory cytokines21 and subsequent IR2%?* Recent data
have shown that variations in intestinal microbiota were associated
with pro-inflammatory changes in adipose gene expression.24 In
fact, several other lines of evidence point towards a direct relation
between the intestine and visceral adipose tissue inflammation, as
the macrophage infiltration (crown-like cells) in adipose tissue was
directly correlated with a pro-inflammatory gene expression
profile.zs'26 As macrophages are part of our innate immune system,
these findings imply that translocation of intestinal bacteria could
play a role in the development of chronic inflammatory state. The
innate immune system is capable of sensing various types of bacterial
components via pattern recognition receptors, such as toll-like
receptors (TLRs). It is known that alterations in the gut microbiota
composition drive activation of TLRs by bacterial endotoxins [e.g.
lipopolysaccharide (LPS)] and subsequent obesity.?” Thus, chronic
low-dose LPS exposure in mice resulted in hepatic IR, hepatic stea-
tosis, adipose tissue macrophages infiltration, dyslipidaemia, fasting
hyperglycaemia, hyperinsulinaemia, and eventually obesity. Similar
changes were seen in mice fed a high-fat diet,”®* whereas mice
deficient in TLR4 (the receptor that is directly involved in LPS
binding) were, however, completely resistant to the development
of these high-fat-diet-induced changes.”’” It should be noted,
however, that besides LPS, the intestinal microbiota is a source of
many other pro-inflammatory bacterial, capsule-derived compounds
(e.g. peptidoglycans, lipoproteins, and flagellins) that are able to acti-
vate innate inflammatory pathways,m'31 Recent murine data have
shown that SCFAs are indeed involved in intestinal cell homoeostasis
thus preventing increased permeability.’>** Combined with the
afore-mentioned bacteria-derived SCFAs affecting both intestinal
permeability as well glucose and lipid metabolism,” these observa-
tions provide the basis for a bi-directional cross-talk between the
intestinal microbiota SCFA metabolism and bacterial translocation
in the development of chronic adipose tissue inflammation and IR.

Gut microbiota and
atherothrombosis

Cardiovascular disease represents the leading cause of mortality and
morbidity in Western societies. Moreover, obesity, non-alcoholic
fatty liver disease, and metabolic dyslipidaemia are associated with
a further increase in CVD, independent from classic risk factors.>*
Chronic low-grade inflammation, induced by intestinal microbiota-
derived endotoxaemia, has been suggested as a potential contribut-
ing factor for both obesity and atherosclerosis.>® Obesity and chronic
inflammation are associated with hypercoagulability, presumably as a
result of both increased production of pro-coagulant vitamin
K-dependent clotting factors (lI, VII, IX, and X), as well as adipose
tissue inflammation-associated reduction in fibrinolytic capacity.>®
Considerable evidence shows that endotoxaemia, which is asso-
ciated with enhanced intestinal bacterial translocation, elicits activa-
tion of the coagulation and inflammatory cascades.®” Solid evidence
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for the effect of the intestinal microbiota in hypercoagulability is
however limited. A study in germ-free mice showed that gut micro-
biota can regulate tissue factor level expression in the intestinal
microvasculature,®® but data are lacking in humans. Subsequent
papers suggested that intestinal translocation can be facilitated via
co-transport on dietary fat-derived chylomicrons promoting an
inflammatory response,*”*® whereas parenteral infusion of lipids
did not convey this effect.’’” Increased levels of plasma endotoxin
have also been linked to the development of CVD,*" and repetitive
endotoxin injections in both mice and rabbits are reported to accel-
erate cholesterol-induced atherosclerosis.®>**** More specific,
translocation of intact bacteria and subsequent captivation by vascu-
lar macrophages was also suggested in humans reporting bacterial
DNA from the Porphyromonas gingivalis in 79% of the analysed
carotid atherosclerotic plaques.***® Currently, only one prospective
randomized controlled trial with antibiotic treatment in humans was
executedand failed to reduce cardiovascular event rates.*® However,
whether or not the chronic antibiotics exposure resulted in expan-
sion of alternative resistant bacterial strains is unknown and more-
over bacterial resistance to specific antibiotics precludes potential
use in the clinic of long-term oral antibiotic treatment.

Recent studies identify a new pathway through which gut micro-
biota participate in CVD pathogenesis. In the setting of specific
dietary nutrients characterized by a trimethylamine group [e.g.
choline, phosphatidylcholine (PC), and carnitine], gut microbiota
are shown to participate in the formation of a pro-atherogenic
compound called trimethylamine-N-oxide (TMAQ).**® |dentified
initially though metabolomics studies comparing analytes in plasma
from subjects who experience a heart attack, stroke, or death in
the 3 years following blood collection vs. age- and gender-matched
subjects who do not experience a cardiovascular event, subsequent
animal model and human clinical studies have shown that TMAQO is
directly related to atherosclerosis. Trimethylamine-N-oxide was
shown to directly influence the propensity of macrophages to accu-
mulate cholesterol and form foam cells in atherosclerotic lesions, as
well as to alter cholesterol and sterol metabolism within multiple
compartments including the liver and intestines*® Further, systemic
levels of TMAO in several clinical cohorts have now been shown
to independently associate with incident risks of heart attack,
stroke, and death in both primary and secondary prevention
subjects.”””°>" " Trimethylamine-N-oxide is produced in a
two-step process, starting with degradation of dietary trimethyla-
mines like free choline, PC, or carnitine by specific intestinal bacterial
strains into the precursor trimethylamine (TMA). Trimethylamine is
then efficiently absorbed into the circulation and converted by one or
more members of the hepatic flavin monooxygenase (FMO) family, in
particular FMO3, into TMAO.*>*" Flavin monooxygenase 3 is a
known enzymatic source for TMAO in humans, based on the
recent recognition of the aetiology of an uncommon genetic disorder
called trimethylaminuria (also known as fish malodour syndrome).
Patients with this metabolic condition are characterized by a genetic-
ally impaired capacity to convert TMA into TMAO. Studies using
germ-free mice or mice treated with broad-spectrum antibiotics,
suppressing the intestinal flora, demonstrate an essential role for
gut microbiota in TMA and TMAO formation.*”*° Moreover, con-
ventionalization of germ-free mice resultsin anincrease and recovery
of the plasma levels of TMAQ, indicating towards an obligate role for

intestinal microbiota in the generation of TMA from dietary choline
including eggs, milk, liver, and red meat.* As noted, another source
of TMAQ is dietary |-carnitine (a TMA structure similar to choline).
Carnitine is an abundant nutrient in red meat. Recent studies show
that gut microbiota also play a role in TMAO production from
dietary l-carnitine in both mice and humans. Moreover, a strong cor-
relation is observed between increased plasma concentrations of
l-carnitine and TMAQ levels in relation to increased risk of incident
major adverse cardiac events in subjects, even following multivariate
analyses.*”*° Of note, a recent meta-analysis suggested that the use
of l-carnitine in patients immediately following an acute myocardial
infarction was associated with a significant reduction in lethal
ventricular arrhythmias and development of angina.>> However,
review of the meta analyses demonstrates concerns about its validity,
since 11 of the 13 studies included in the meta-analyses failed to show
clinical benefit with short-term carnitine supplementation, including
thetwo largest trials, one of which had over 1000 subjects. Moreover,
the 2 of 13 studies that did show a benefit were each small (<100 sub-
jects), making the positive results hypothesized in the meta-analyses
difficult to reconcile with negative placebo-controlled trial results of
the major studies included in the analyses. Regardless, it should be
noted that the relationship proposed between dietary carnitine
and atherosclerotic CVD pathogenesis refers to a process that
takes decades to develop (atherosclerosis), and which appears at
least in part to exert its pro-atherogenic effect via alterations in chol-
esterol and sterol metabolism. In contrast, the carnitine supplemen-
tation studies examined thus far have only focused on short-term
effects in the post-myocardial infarction setting, where alternative
phenotypes such as arrhythmias have been the major ones examined.

Carnitine is almost exclusively found in red meat. Therefore,
examination of epidemiology studies examining meat ingestion and
cardiovascular risks is of interest. Numerous large-scale studies
have been performed. Perhaps one of the largest and most carefully
performed is the results recently reported from composite of two
prospective studies, from the Health Professionals Follow-up Study
(n =37 698; followed 1986—2008) and women from the Nurses’
Health Study (n = 83 644; followed 1980—-2008) who were free of
CVD and cancer at baseline, and for whom dietary intake was
assessed by validated food frequency questionnaires every 4
years™ For each 1-serving-per-day (3 0z.) of meat over the duration
of follow-up, which varied between 20 and 28 years on average for
the two studies,a 13% increase in all-cause mortality for unprocessed
red meat, and 20% increase in mortality for processed red meat was
observed. In contrast, however, in a very recent similar pooled
analyses of eight Asian prospective cohort studies, higher red meat
consumption was reported to be inversely associated with cardiovas-
cular mortality.>* It also should be noted that another source of
TMAQ is seafood, including some but not all fish.>> Multiple epi-
demiological studies have shown beneficial effects of regular
seafood consumption on the incidence of CVD,*® making recom-
mendations about intake of specific dietary nutrients or meats/pro-
teins and cardiovascular risks premature at present. Interestingly, in
animal model studies, dietary TMAO directly augmented athero-
sclerosis, as did dietary choline or carnitine in the presence of
intact gut microbes (and hence formation of TMAQO). Moreover,
both TMAO and choline or carnitine with intact gut microbiota
and TMAOQO formation significantly inhibited the reverse cholesterol
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transport pathway, suggesting a plausible mechanistic explanation for
the tight associations noted between TMAO, choline, and carnitine
and incident cardiovascular risks.>! Also, (small) intestinal transit
time of choline and carnitine comprising food particles might be
impaired in obese subjects®’ thus resulting in different TMA levels
in the colon. In conjunction with the effect (suppression) on bile
acid synthesis and composition by the TMAQO pathway, this demon-
strates the multiple distinct mechanistic links between TMAQO produ-
cing diet—microbe pathways and atherothrombotic risk. Although a
causal role of l-carnitine in CVD disease in humans is provocative, and
requires further examination, discovery of this new pathway suggests
that targeting the gut microbiota, either through efforts to change
their composition, or through targeted small molecule or molecular
approaches, may serve as a novel therapeutic for the prevention or
treatment of CVD.

Intestinal microbiota as future
diagnostic and therapeutic targets

The faecal intestinal microbiota is increasingly regarded an important
participant in the development of obesity and its comorbidities. As

currently available evidence is mainly based on in vitro and relatively
small animal and human cohort studies, further work is required in
order to dissect how altered intestinal microbiota can be used in a
diagnostic or therapeutic setting. For example, long-term, prospect-
ive, and multi-ethnic cohort studies are needed to determine
whether there are in fact substantial differences in predictors of
faecal sample-derived microbiota between ethnic groups taking
diet and gender into account, as both factors can influence the com-
position of the gut microbiota.® Moreover, as intestinal uptake of
dietary lipids and carbohydrates driving human obesity are mainly
taking place in the small intestine® rather than the distal colon, it is im-
portant to define the correlation between smallintestinal microbiota
composition in relation to that of the faecal sample. Moreover, envir-
onmental factors (e.g. composition of diet) introduce profound
changes in intestinal microbiota composition,”® and the logistics of
faecal sample (non-frozen) transport, handling and DNA isolation
also influence results.>” A role for quantifying proportions of bacter-
ial strains in faeces for use as a diagnostic tool and in cardiovascular
risk prediction is thus neither recommended nor likely to provide
useful clinical information in the near term future. In line, using
faecal transplantation studies as a working tool might enable us
to identify causally involved intestinal bacterial strains in human
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cardio-metabolism which may give rise to the development of novel,
microorganism-based intervention strategies. Although promising,
the links of specific gut microbial taxa with CVD phenotypes are
associative, which makes it too early to induce real changes in clinical
practice of cardiovascular risk assessment.'®

In contrast to quantifying bacterial species within faeces, perhaps a
more promising and clinically viable diagnostic is the quantification of
blood levels of a microbial-dependent product that is biologically
active and at least in animal models promotes atherosclerosis (i.e.
TMAQ). Indeed, while results are relatively new, those reported
suggest great promise for TMAQ as a strong cardiovascular diagnos-
tic or prognostic marker. In multiple large clinical studies, plasma
levels of TMAQO were observed to predict prospective CVD risks, in-
cluding incident heart attack, stroke and death over the ensuing
3-year follow-up period. The prognostic value of TMAO remained
robust following multivariable adjustments for traditional risk
factors and other cardiovascular diagnostic markers.*" 7% |ndeed,
in one study (n = 4007 subjects), addition of TMAQ to traditional
risk factors was shown to substantially reclassify incident risks for
major adverse cardiovascular events, and significantly augment prog-
nostic value.*’ Clinical studies thus far with TMAO have all been in
relatively higher risk populations, and not within community-based
cohorts with longer-term follow-up. Further studies are needed to
determine the generalizability of the results with TMAO as a prog-
nostic marker in alternative clinical cohorts, as well as whether
plasma TMAO levels can either serve as a means of monitoring
dietary efforts, or are modifiable with alternative interventions
(Figure 1).

Conclusion

Recent studies implicate involvement of gut microbiota in develop-
ment of complex metabolic phenotypes including obesity, IR, and
CVD. In this active research area of cardio-metabolism, there are nu-
merous research programmes evaluating the mechanisms by which
intestinal microbiota alter human glucose, lipid metabolism, and al-
ternative CVD relevant phenotypes. In animal model studies, trans-
missibility of traits and causality of gut microbiota as a contributor
has been established in some studies. In human studies thus far,
however, published studies are associative. There is a need to apply
Koch’s postulates (originally used for infectious disease) to differen-
tiate association from causality in cardio-metabolic disease states.
Further research is needed in order to allow us to use the gut micro-
biota composition and modulation as novel diagnostic or therapeutic
strategies. Most importantly, experimental findings on correlations
between microbial communities and specific cardio-metabolic
phenotypes should be corroborated by more detailed mechanistic
investigations, and ideally, therapeutic intervention studies in
humans. We have yet to see that ‘the time has come’ for gut micro-
biota compositional manipulation or targeting by drugs for thera-
peutic gain in cardio-metabolic disease. However, the highly
promising studies that have arisen over the past few years argue
that not too long into the future, we may yet ‘drug the microbiome’
as a target for preventing or treating human diseases and promoting
cardiovascular health.
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