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Abstract
The last decade has been characterized by an intense research on the composition of the gut microbiome and the links with human
health. While previous work was focused on the effects of prebiotics and probiotics, nowadays several laboratories are describing
the gut microbiome and its metabolic functions. Gut microbiome interaction with nutrients allows the gut microbiome to survive
and at the same time determines the production of metabolites that are either adsorbed by intestinal cell in a mutual relationship or
promote detrimental effect. Metabolomics, a newmethod to approach identification of biomarkers has been used to identify small
metabolites in blood and other biofluids. The study of metabolome revealed several microbial derived metabolites that are
circulating in blood and potentially affect human health. In this review we describe the links between regulation of metabolism
and microbial derived metabolites.
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1 The intestinal microbiome - a new player
in cardiometabolic risk

In the past three decades life-style, especially energy imbal-
ance due to high calorie food intake, has led to marked de-
rangements in the metabolic pathways of lipid and carbohy-
drates and contributed to setting the stage for the onset and
progression of metabolic and cardiovascular disorders [1].
Recently, it has been pointed out that the intestinal
microbiomemight contribute to the pathogenesis of metabolic
and cardiovascular diseases as well as many other chronic
disorders [2]. In this review, we expand previous discussion
on how the microbial products and metabolites may affect
human physiology [3–5].

While considered relevant for disease in the gut-liver system
the role intestinal bacteria in cardiometabolic risk received little
attention, but the research of the last decade has fundamentally
changed this view. A human subject hosts an enormous amount
of bacteria in different tissues such skin, lung and intestine. Due

to improved sequencing techniques more than than 22 million
different microbial genes have been identified in the human
gut, therefore largely exceeding the number of human genomes
by a factor of almost 103 [6]. Thanks to this huge amount of
genes it is clear that bacteria have metabolic functions more
vast than the host, potentially contributing to the metabolism of
the host organism through the generation of small metabolites,
synthesis of essential amino acids and vitamins [7, 8].
Therefore, the intestinal microbiome is considered a tissue with
wide metabolic potential with the ability to influence host me-
tabolism thanks to the possibility to elaborate the nutrients
contained in the diet and allow their components to be adsorbed
and re-used by human cells (Figure 1).

The metabolic potential of the gut microbiome became
clear after studies from Gordon’s group presenting the con-
nection between intestinal bacteria and metabolic diseases. In
these studies, the intestinal bacterial flora from overweight
mice was transplanted into germ-free recipient mice. Despite
a constant diet, these mice developed obesity and insulin re-
sistance suggesting that the obese phenotype, at least in part, is
transferred by the microbiome [9]. A similar relationship
emerged from studies of the microbiome structure in human
monozygotic twins [10].

The architecture of the individual intestinal microbiome is
variable and influenced by factors such as diet, genetic back-
ground, age, stress, physical excercise, coexistent disorders, use
of antibiotics as well as other drugs such as metformin [11–14].
The term dysbiosis refers to a disproportion of certain
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components in the intestinal flora of a subject respect to physiol-
ogy and it has been associated with metabolic diseases such as
obesity, type 2 diabetes, non-alcoholic steatohepatitis [NASH]
and cardiovascular diseases such as atherosclerosis and heart
failure as well as many other chronic diseases [15, 16]

Actually, in both cardiovascular diseases and type 2 diabe-
tes mellitus [T2DM] a change in Firmicutes/Bacteroidetes ra-
tio has been detected; the causes of this alteration are still
unclear although they maybe consequent to an interplay
among dietary and other lifestyle habits resulting in an effect
on obesity and insulin resistance depending from different
metabolic functions in Firmicutes with respect to
Bacteroidetes [15]. Intestinal bacterial species, such as
Rosebur ia in t e s t i na l i s , Eubac t e r ium ha l i i and
Faecalibacterium prausnitzii, are generally decreased while
Lactobacilli gasseri, Streptococcus mutans and Escherichia
coli are increased in subjects with type 2 diabetes and CVD
[3, 4]. It is known that gut-microbiota-based T2DM index
might be used to identify subsets of the population that are
at high risk for progressing to clinically defined T2DM [17,
18].We and other groups have suggested that both intestinal
dysbiosis and bacterial translocation are involved in the devel-
opment of cardiometabolic disorders such as type 2 diabetes,

non-alcoholic fatty liver disease (NAFLD) and atherosclerosis
[17, 19–24]. Patients with obesity, insulin resistance and
steatosis show signs of reduced microbial gene richness
and increased genetic potential for processing of dietary
lipids and endotoxin biosynthesis [notably from
Proteobacteria], hepatic inflammation and dysregulation
of aromatic and branched-chain amino acid [AAA and
BCAA] metabolism [25]. In patients with symptomatic
atherosclerosis, the genus Collinsella was enriched where-
as Roseburia and Eubacterium were enriched in healthy
controls [26].

2 Gut microbiome-associated mechanisms
in cardiovascular diseases

Due to the close association between the intestinal
microbiome and cardiometabolic diseases, the issue arises
whether a dysbiotic gut microbiome, through activation of
specific functions or loss of other activities, may
swift cardiovascular risk factors such as diabetes, hyperten-
sion and dyslipidemia thus contributing to the onset and the
progression of atherosclerosis [27].
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There are several mechanisms that have been proposed to
explain how intestinal bacteria could influence cardiometabol-
ic diseases.

Dysbiosis could prompt an inflammatory status in the intes-
tine that result in the production and absorption of factors trig-
gering low-grade inflammation such as lipopolysaccharides
(LPS) [28]. In particular, low-grade inflammation in the adipose
tissue may pave the onset for insulin resistance [29].

Since several studies underlined that in cardiovascular dis-
eases the immune system has a role, it is conceivable that
deviation in the integrity of the immunomodulatory functions
of the gut microbiome may determine inflammation [30]. For
instance it is known that interleukin-23-22 axis regulates diet-
induced atherosclerosis by repressing pro-atherogenic micro-
biota. Loss of IL-23-IL-22 signaling causes a deterioration of
the intestinal barrier, dysbiosis, and expansion of pathogenic
bacteria with distinct biosynthetic and metabolic properties,
causing systemic increase in pro-atherogenic metabolites such
as LPS [31]. This study perfectly emphasizes mechanisms
explaining the pro-atherogenic effect of dysbiosis.

Segmented filamentous gut bacteria have been shown to
regulate Th17 cells, which are able to produce IL-22, but
depending on the circumstances also the pro-inflammatory
cytokine IL-17 [32]. Gut microbiota-facilitated Th17/IL-17
response has been linked to vascular inflammation as well as
salt-sensitive hypertension [33, 34].

However, which factors instigate the divergence from a
physiological microbiome to a dysbiotic one linked to
immunomodulation is still debated [35].

Another mechanism is intrinsic to gut microbiome
functions and its metabolic activity. The gut microbiome
produces several metabolites as the result of its interac-
tion with nutrients. Once these are adsorbed by the in-
testine wall they can enter the circulation and exert a
direct influence on the host phenotype [8].

The massive number of enzymatic pathways that constitute
the core of bacteria metabolism is a feature of the diversity of
the gut microbiome allowing the symbiont to take advantage
to adsorb substances that otherwise could be neither produced
nor extracted from the digestive process [36].

Thanks to the improvement in analytical methods for small
metabolites (metabolomics) we now appreciate that thousands
of molecules are potentially detectable in the blood [37].
Recent analysis suggested that many of these metabolites have
their source in the metabolism of intestinal bacteria. Nutrients
enter the intestine, where they are metabolized by various
bacteria and absorbed into the circulation. Some of these me-
tabolites are moreover modified or conjugated in the liver,
resulting in microbiome-host co-metabolites [8]. Microbial
metabolites or co-metabolites can in turn achieve numerous
pleiotropic effects, for example via specific receptors, as has
already been described for short-chain fatty acids, indoles or
secondary bile acids [38].

3 Cardiometabolic inflammation
by endotoxinemia

Bacterial endotoxins, so-called lipopolysaccharides [LPS], are
structurally conserved components of cell membranes of
gram-negative bacteria [39]. As such, they activated the innate
immune system and trigger an inflammatory reaction in
picomolar concentrations [40, 41]. A gram-negative sepsis
leads to a dramatic increase in LPS concentrations. On the
contrary, the concept of “metabolic endotoxemia” was coined
to refer to slightly elevated LPS levels in the blood without a
manifest infection [28]. Numerous studies show that serum
measured LPS levels correlate with the incidence or preva-
lence of cardiovascular disease [40–44]. The hypothesis that
endotoxins are among the causal mediators of these diseases is
supported by the observation that experimentally induced
low-grade endotoxinemia accelerates the development of ath-
erosclerosis in rodents [45, 46]. The toll-like receptor (TLR) 4
acts as a receptor for LPS. Accordingly, TLR4-deficient mice
are more resistant to atherosclerotic vascular disease [47, 48].

A question arises what the source of circulating endotoxin
in the absence of infection is. One hypothesis, supported by
experimental data, suggest that LPS translocates from the in-
testinal lumen, where it is either produced by intestinal bacte-
ria or ingested through food, into the circulation [28].
Metabolic endotoxinemia can be promoted by dietary fat in-
take chylomicron-mediated [49, 50] and is elevated post-
prandially in both rodents and humans [28, 51]. Since levels
of endotoxins in the intestinal lumen are massively elevated in
relation to the serum, intestinal permeability seems to play a
decisive role. For example, elevated levels of LPS could be
detected in the blood of patients with acutely decompensated
heart failure and consequently intestinal edema with impaired
permeability [52]. The gut microbial flora is also able to reg-
ulate intestinal permeability. It could be shown that intestinal
bacteria regulate intestinal permeability via a GLP-2-
dependent mechanism and thus influence systemic low-grade
inflammation [53].

4 Bacterial translocation from the gut
into the host tissues

In addition to endotoxinemia, increased intestinal permeabili-
ty may also lead to translocation of bacteria into blood and
tissue, maintaining chronic low-grade inflammation [20, 54].
Burcelin and coworkers showed inmice fed a high-fat diet and
showing insulin resistance, a large number of DNA of Gram-
negative bacteria were detected in blood and fatty tissue.
Probiotic treatment with a Bifidobacterium strain could im-
prove both translocation and systemic inflammation and insu-
lin resistance [55].
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The same group also investigated bacterial DNA in the
blood of 3936 participants with a cardiovascular risk profile.
In a multivariate model, bacterial DNA from Proteobacteria
was shown to be a sign of dysbiosis predictive for cardiovas-
cular [56].

5 Metabolites with direct evidence to affect
cardiovascular diseases

Gut microbiota produces numerous metabolites, some of
which are absorbed into the systemic circulation and are
biologically active, whereas others are further metabo-
lized by host enzymes, and then serve as a mediator of
microbial influence on the host. Particularly, these me-
tabolites may favour an inflammatory status, and then to
be associated to the pathogenesis of acute coronary syn-
drome [ACS], and involved in atherosclerosis onset and
progression [57].

5.1 Trimethylamine oxide

The Hazen group was able to demonstrate the importance of the
gut flora-dependent metabolite trimethylamine oxide (TMAO) in
the development of atherosclerosis, thrombosis and ischemic
heart failure [57–61]. Food-supplied phosphatidylcholine, a com-
ponent of red meat, is converted by intestinal bacteria to
trimethylamine, which is metabolized in the liver via the enzyme
flavin-containing monooxygenase 3 (FMO3) to TMAO [57].
TMAO is therefore amicrobiome-host co-metabolite. Themech-
anism underlying TMAO effects are still under investigation.
However, it has been pointed out that dietary supplementation
of mice with choline or TMAO promoted upregulation of mul-
tiple macrophage scavenger receptors linked to atherosclerosis,
and supplementationwith TMAOpromoted atherosclerosis [60].
TMAO is also considered to influence the reverse cholesterol
transport (RCT) in macrophages as suggested from studies with
FMO3 knockdown mice, in which basal and liver X receptor
(LXR)-stimulated macrophage RCT is increased leading to im-
proved cholesterol balance [61]. TMAO, directly contribute to
platelet hyperreactivity and enhanced thrombosis potential via
enhanced sub-maximal stimulus-dependent platelet activation
from multiple agonists through augmented Ca[2+] release from
intracellular stores [62]. Interestingly, 3,3-dimethyl-1-butanol
(DMB, a structural analog of choline) was shown to inhibit
TMA formation and inhibited endogenous macrophage foam
cell formation and atherosclerotic lesion development in experi-
mentalmodelswithout alterations in circulating cholesterol levels
[63]. Overall, we may comment that the TMAO through effects
on lipid metabolism, platelet and immune functions deteriorates
cardiovascular health.

5.2 Short chain fatty acids

Short chain fatty acids (SCFA) such as butyrate, acetate and
propionate are known to affect several human diseases [38].
SCFA are the prototypical examples of the holobiont metabo-
lism. In fact, starch and non-starch polysaccharides that cannot be
degraded by human enzymes are broken downto SCFA by var-
ious bacterial species such as Roseburia species and
Faecalibacterium prausnitzii thanks to primary bacterial butyrate
synthesis pathways, butyryl-CoA:acetate CoA-transferase (but)
and butyratekinase (buk) [64]. SCFA mediate some of their ef-
fects via G protein coupled receptors (GPR41 and GPR43) and
play a role in the regulation of immune cells, the release of
cytokines, and the expression of adhesion molecules in vascular
cells. These in turn are all processes that are directly related to
cardiovascular diseases [65].

A recent paper suggested that Roseburia intestinalis coop-
erates with dietary plant polysaccharides to produce butyrate.
This interaction has an impact on gene expression in the gut,
exerts modulatory effects on metabolism shifting it from gly-
colysis to fatty acid utilization (an effect often associated to
anti-inflammatoy cytokines and lower systemic inflamma-
tion) and finally ameliorate atherosclerosis in experimental
models [66].

Interestingly, in hypertensive mice a diet rich in fiber im-
proved blood pressure control as well as heart failure progres-
sion in part through acetate. Acetate was shown to reduce the
burden of fibrosis in heart and kidney acting on the transcrip-
tion factor Egr1 [67].

5.3 Branched chain amino acids

Branched-chain amino acids (BCAA) metabolism is in part
dependent on the intestinal flora. Bacteria have a wide range
of enzymatic functions to trigger BCAA biosynthesis and
BCAA are also adsorbed to enter the human circulation. In
the host BCAA catabolism is especially active in adipose and
hepatic tissues. A recent analysis in non-diabetic subjects
showed that elevated BCAA levels and insulin resistance were
associated with an gut microbiome characterized by increased
biosynthesis of BCAA and reduced bacterial inward trans-
porters for these amino acids, suggesting increased production
and availability for absorbance by intestinal wall. This effect
was primarily mediated by Prevotellacopri and Bacteroides
vulgatus. In the mouse model, treatment with Prevotella copri
increased serum levels of BCAA and led to insulin resistance
[68]. Although circulating BCAAs come from nutrients and
microbial metabolism, it is unclear how they induce insulin
resistance despite the strong evidence that BCAA are predic-
tive for the development of type 2 diabetes as shown in the
Framingham Heart Study and other cohorts [69]. A potential
mechanism recen t ly descr ibed sugges t s tha t 3-
hydroxyisobutyrate (3-HIB), a catabolic intermediate of the
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BCAAvaline, is a new paracrine regulator of trans-endothelial
fatty acid transport. Arany and coworkers found in mice that
3-HIB after being secreted from muscle cells stimulates mus-
cle fatty acid uptake in vivo. As consequence of this, it pro-
motes lipid accumulation in the muscle leading eventuallyto
insulin resistance [70]. It is unclear whether the same mecha-
nism is active in the myocardium. However,increased BCAA
levels also correlate with the incidence of cardiovascular dis-
ease [71].

5.4 Microbial metabolites derived from aromatic
amino acids

A recent study in obese women revealed that a disturbed aro-
matic amino acid (AAA) metabolism was associated with in-
testinal dysbiosis and hepatic steatosis. This effect was in part
mediated by phenylacetate (PAA), an intestinal flora-
dependent metabolite from the AAA metabolism. PAA was
shown to affect insulin-mediated Akt phosphorylation in hu-
man primary hepatocytes and this effect can possibly also be
transferred to other cardiometabolic diseases [25]. The micro-
bial source of PAA is still undefined but a recent study ob-
served that was negatively associated with the Bacteroides
group and Clostridium cluster XIVa and positively with
Lactobacillus [72]. Whether these microbes possess the oxi-
dative pathway required to transform phenylalanine in PAA is
unclear.

Clostridium sporogenesmay be the source of another micro-
bial metabolite derived from the AAA tryptophan with a poten-
tial effect on cardiovascular health: indole-3 propionic acid (IPA)
produced exclusively by the microbiota from dietary tryptophan
that accumulates in host serum [73]. Recent studies have shown
that IPA can exert anti-inflammatory effects by directly engaging
the pregnaneX receptor (PXR) [74]. Interestingly, IPAwas found
negatively associated with type 2 diabetes, low-grade inflamma-
tion and advanced atherosclerosis [75, 76, 77].

Recently, it was shown that Lactobacillus species
were able to modulate Th17 response and to protect
against salt-sensitive hypertension. This effect was me-
diated by another gut microbiota-derived tryptophan me-
tabolite, indole-3-acetic acid (IAA), which dose depen-
dently reduced Th17 polarization [34]. IAA has previ-
ously been identified as a ligand of aryl hydrocarbon
receptor exerting positive effects on inflammation by
modulation of IL-22 response [78]. An inbalance be-
tween gut microbiota-derived tryptophan metabolites
(“indoles”) and endogenous tryptophan derivatives
(kynurenine pathway) may play an important role in
cardiometabolic disease modulation. The human enzyme
indoleamine 2,3-dioxygenase, which is inducible in sev-
eral different immune cells,is the rate-limiting first step
in tryptophan degradation via kynurenine pathway [79].
High activity has been linked to cardiovascular events

[80]. Laurans and colleagues revealed that an obese
phenotype induces indoleamine 2,3-dioxygenase and
consequently diminishes IL-22 response by bacterial
tryptophan derivatives with impact on insulin sensitivity,
gut mucosal barrier and inflammation as well as lipid
metabolism [79].

Other microbial AAA-derived host co-metabolites such as
phenylpropionic, indoxyl sulfate (IS) and p-cresyl sulfate (PCS)
may exert negative functions in particular incresing the cardio-
metabolic risk in subjects with kidney failure [81, 82]. In fact,
both IS and PCS are protein-bound uremic toxins that increase in
the sera of patients with chronic kidney disease (CKD), and are
not effectively removed by dialysis. Some studies suggested that
both elevated levels of PCS and IS are associated with increased
mortality in patients with CKD, while PCS, but not IS, is asso-
ciated with an increased risk of cardiovascular events [82]. Both
metabolites promote vascular calcification and associate with
glucose intolerance through mechanisms involving LXR signal-
ing pathway and reduced GLUT1 expression [83].

5.5 Other amino acid derived metabolites

Recently, a study based on the Lifelines DEEP cohort identified
bacterial L-methionine biosynthesis and a Ruminococcus species
were associated to cardiovascular phenotypes in obese individ-
uals, in particular atherosclerosis and liver fat content. This study
also found that several microbial pathways involved in amino
acid metabolism are associated with metabolic risk score of car-
diovascular disease independent of diet and inflammation [84].

5.6 Bile acids

Primary bile acids arise from the oxidation of cholesterol in
the liver and are excreted into the gut to make lipids soluble
for absorption. There they are deconjugated by microbial bile
salt hydrolase, mainly from Bifidobacteria, Clostridia and
Bacteroidetes, to secondary bile acids, which are re-
absorbed into the circulation [85]. Secondary bile acids can
achieve various pleiotropic effects via the farnesoid X (FXR)
receptor and the Takeda G protein-coupled receptor 5 (TGR5).
Their activation leads to transcriptional inhibition of pro-
inflammatory cytokines, regulation of GLP-1 secretion in L-
cells, glucose-dependent insulin secretion in the pancreas, in-
fluence on hepatic lipoprotein and glucose metabolism and
control of bile acid synthesis and secretion in the liver via
the FXR-fibroblast growth factor 15/19 signaling pathway
[86]. However, a direct mechanism of these metabolites on
atherosclerosis onset and progression is still unclear.
Nevertheless, INT-767, a specific co-agonist for both FXR
and TGR5 bile acid receptors could reduce atherosclerosis in
the mouse model [87]. Furthermore, a recent analysis showed
that 2 circulating secondary bile acids (glycocholenate and
glycolithocolate sulfate) associated with atrial fibrillation
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(AF) risk [88]. Another study found increased levels of sec-
ondary bile acids in patients with heart failure [89].

6 Conclusions

The intestinal microbiome is an essential factor in human
health and is closely linked to physiologicaland pathological
processes that go far beyond local processes in the intestine.
Cardiometabolic diseases in particular appear to be closely
linked to the metabolic pathways triggered by the interaction
of nutrients with the intestinal flora. Several potential targets
for diagnostic or therapeutic use have been identified includ-
ing microbial species and their metabolic products. However,
we should be cautious in the translation of experimental data
to clinical practice given that our knowledge of which bacteria
are involved and which metabolic pathways is still incom-
plete. It is conceivable that in few years the scenario linking
gut microbiota to microbial metabolites will be completed and
potential applications will enter the clinical practice.

In fact, despite promising data, probiotic therapy and fecal
matter transplantation remain limited at the moment to very
specific applications and in the cardiometabolic field we are
still at the level of experimental approaches. A specific thera-
py for the modulation of the intestinal microbiome in cardio-
metabolic diseases must therefore still be established and
above all subsequently validated in large patient cohorts.
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