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Abstract

Despite the development of new drugs and therapeutic strategies, mortality and morbidity related to heart failure (HF) remains
high. It is also the leading cause of global mortality. Several concepts have been proposed to explore the underlying pathogenesis
of HF, but there is still a strong need for more specific and complementary therapeutic options. In recent years, accumulating
evidence has demonstrated that changes in the composition of gut microbiota, referred to as dysbiosis, might play a pivotal role in
the development of several diseases, including HF. HF-associated decreased cardiac output, resulting in bowell wall oedema and
intestine ischaemia, can alter gut structure, peamibility and function. These changes would favour bacterial translocation,
exacerbating HF pathogenesis at least partly through activation of systemic inflammation. Although our knowledge of the precise
molecular mechanisms by which gut dysbiosis influance HF is still limited, a growing body of evidence has recently demon-
strated the impact of a series of gut microbiome-derived metabolites, such as trimetylamine N-oxide, short-chain fatty acids or
secondary bile acids, which have been shown to play critical roles in cardiac health and disease. This review will summarize the
role of gut microbiota and its metabolites in the pathogenesis of HF. Current and future preventive and therapeutic strategies to

prevent HF by an adequate modulation of the microbiome and its derived metabolites are also discussed.
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1 Introduction

Heart failure (HF) is the clinical manifestation and the last
common process of many forms of cardiovascular disease.
Despite the recent development of new drugs and therapeutic
strategies, mortality and morbidity related to HF remains high.
It is also the leading cause of global mortality. The prognosis
after first admission to hospital is poor, with a mortality rate of
more than 50% over 5 years. The poor prognosis of patients is
partly due to the fact that the disease is not only a hemody-
namic disorder, but also a multisystem disorder including a
deregulation of many endocrine systems and also uncon-
trolled inflammatory responses. Due to this high mortality,
reflecting at least in part the possibility that important patho-
genic mechanisms are not targeted by the current therapeutic
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options, other factors such as gut microbiota dysbiosis have
also been implicated as major risk factors for the development
of cardiovascular diseases, including HF [1-3].

Gut microbiota homeostasis is essential for maintaining
human health in many aspects, digesting host indigestible nu-
trients, producing vitamins and hormones, shaping the devel-
opment of the mucosal immune system, and preventing path-
ogenic bacteria colonization [4—7]. There is growing evidence
that imbalances in the composition and function of gut
microbiome, known as dysbiosis, may play an important and
independent role both in the prognosis and the development of
HEF. Tang et al. were the first to develop the “gut hypothesis of
heart failure.” The gut hypothesis implies that decreased car-
diac output in HF can lead to a decrease in intestinal perfusion,
muscosal ischemia, leading to a disrupted intestinal mucosa.
These changes in intestinal barrier function in turn can lead to
increased gut permeability, gut dysbiosis, bacterial transloca-
tion and increased circulating endotoxins that can contribute
to the underlying inflammation associated with HF [8—10].
However, research supporting this hypothesis so far is mainly
ofan associative nature. In recent years, beyond the primordial
role of bacteria, the challenge was to move from previous
associative studies to those that elucidate the cause-effect re-
lationship between gut microbiome dysbiosis and HF. Recent
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studies have demonstrated that the gut microbiome can also
have an impact on host processes and diseases development
via bioactive metabolites, which could be absorbed into the
systemic circulation.

In this review, we will discuss how gut microbiome and
microbiota-derived metabolites may contribute to the patho-
physiology of HF, and evaluate how gut interventions can lead
to novel therapeutic targets for HF.

2 Gut microbiota and heart failure
2.1 Alterations in gut microbial composition in HF

As in virtually all cardiovascular diseases, changes in intesti-
nal microbial composition have been described in several co-
horts of HF patients. Sandek and colleagues were the first to
demonstrate bacterial overgrowth and increased bacterial ad-
hesion in sigmoid mucosa from HF patients [11, 12]. These
first results have been confirmed by Pasini and colleagues,
who have demonstrated that HF patients are characterized
by an intestinal proliferation of pathogenic microorganisms,
such as Candida, Campylobacter, Shigella, and Yersinia. The
authors also demonstrated that the proliferation of these path-
ogenic bacteria were associated with thickened large bowel
walls, increased intestinal inflammation and permeability,
and clinical disease severity [13]. More recently, Luedde
et al. were the first to realize, using high-throughput sequenc-
ing of bacterial 16S rRNA gene sequences, the systematic
analysis of intestinal microbiota in HF patients [14]. Unlike
early studies using traditional culture techniques on stool sam-
ples, the authors could not detect any significant increase in
the abundance of specific and potentially pathogenic bacteria,
which puts into question the first theory of HF as an infectious
disease. Rather than enrichment, beta-diversity measures
(inter-individual diversity) revealed a highly significant sepa-
ration of HF cases and controls, with a significant and specific
decrease of Coriobacteriaceae, Erysipelotrichaceae and
Ruminococcaceae on the family level. More precisely,
Blautia, Collinsella, uncl. Erysipelotrichaceae and uncl.
Ruminococcaceae showed a significant decrease in HF cases
compared to controls on the genus level. Interstingly enough,
recent study has demonstrated that Blautia might be associat-
ed with anti-inflammatory mechanismes, as its intestinal abun-
dance is associated with reduced death and improved overall
survival in Graft-versus-Host-Disease [15]. Finally, a reduc-
tion in the genus Faecalibacterium, a short-chain fatty acid
butyrate-producing bacteria, is observed in HF patients. As for
Blautia, Faecalibacterium prausnitzii was identified as an
anti-inflammatory commensal and its reduced abundance
was shown to be associated with disrupted on intestinal per-
meability [16, 17]. It is conceivable that depletion of these
genera contributes to HF pathogenesis, since both
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inflammation and increased intestinal permeability were asso-
ciated with the pathogenesis of HF. Cui et al. then confirmed
that the composition of the intestinal microbiota in HF patients
was significantly different from that of the controls, and vali-
dated the decrease of Faecalibacterium prausnitzii as an es-
sential characteristic of the intestinal microbiota in HF patients
[18]. The authors also observed an enrichment in intestinal
microbial genes coding for proteins involved in lipopolysac-
charide synthesis (highlighting the role of the inflammatory
hypothesis resulting from intestinal dysbiosis in the develop-
ment of HF, discussed below), as well as genes encoding for
proteins necessary for the production of the intestinal metab-
olite, Trimethylamine N-Oxide (discussed below), which has
been thought to contribute to the pathogenesis of HF. This
characteristic decrease in Faecalibacterium prausnitzii has al-
so been demonstrated in elderly patients with HF [19]. Finally,
Kummen et al. identified changes in 15 taxons from two co-
horts with HF, including a depletion of taxa in the
Lachnospiraceae family, several of which are known pro-
ducers of butyrate [20]. Prediction of microbial genes in the
merged cohort confirmed low genetic potential for butyrate
production in HF microbiomes compared with control sub-
jects, confirming the results obtained by Cui et al. Several taxa
of the Lachnospiraceae family were inversely correlated with
soluble CD25, a marker for activation of T lymphocytes and
macrophages [20]. This discovery again underscores the po-
tential importance of intestinal microbial modulation of in-
flammation by producing short-chain fatty acids in disease
states such as HF.

These studies are the first important steps in the character-
ization of the gut microbiota profile in HF. However, multiple
discrepancies may be noted when comparing the major bac-
terial groups identified in these studies. As gut microbiota
identification methods become more and more standardized
and sophisticated, reproducibility must be confirmed in future
studies, especially with clinically homogeneous HF cohorts.

2.2 The intestinal barrier dysfunction as a trigger
for systemic and cardiac inflammation in HF

Although HF has been recognized as a chronic systemic in-
flammatory disease, plasma levels of several pro-
inflammatory cytokines being associated with both the sever-
ity of the disease and poor survival prediction, the origin of
this inflammatory state is not yet well understood [21, 22].
Moreover, trials that targeted these cytokines in HF patients
failed to show benefit on cardiac function and prognosis [23].
Since, it has been suggested that increased bacterial transloca-
tion, i.e. the migration of resident bacteria or bacterial prod-
ucts like endotoxins and lipopolysaccharides from the intesti-
nal lumen to the blood, may be important stimuli for the sys-
temic inflammation occuring during HF. Several mechanisms
have been suggested for this increased bacterial translocation,
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including structural and functional alterations of the gastroin-
testinal tract, as well as abnormalities of the immunological
defense of the host.

Specifically, HF patients have a decrease in cardiac output
leading to congestion and to hypoxia of several terminal or-
gans, including the intestinal wall. This decrease in perfusion
particularly affects the villous structure of the intestinal gut
wall, leading to the deterioration of the health of the different
types of intestinal cells and, consequently, to an impaired in-
tegrity of the intestinal barrier. As a result, an increase in
paracellular transport in the intestinal epithelium can be ob-
served in HF. HF patients also have a thickened intestinal wall
at the terminal ileum and colon, suggesting intestinal edema,
and increased collagen accumulation in mucosal of the small
intestine. Therefore, these alterations directly contributed to
the disrupted integrity of the intestinal barrier and thus to an
increase in the intestinal permeability observed in HF. This
impaired intestinal barrier function will promote the translo-
cation of bacteria, bacterial fragments, or secreted products
into the circulatory system [11, 24-26].

There is now strong evidence validating the bacterial trans-
location hypothesis in HF. Although a first study has demon-
strated dysbiosis in blood microbiota predicts long-term car-
diovascular prognosis [27], Dinakaran and colleagues have
shown that bacterial 16S rRNA copy number was significant-
ly higher in the plasma, implying the increased presence of
cell-free bacterial DNA elements in the circulation of HF pa-
tients [28]. At the phylum level, they observed a dominance of
Actinobacteria in CVD patients, followed by Proteobacteria,
in contrast to that in healthy controls, where Proteobacteria
was predominantly enriched, followed by Actinobacteria.

In line with the bacterial translocation hypothesis, higher
blood levels of the endotoxin Lipopolysaccharide (LPS),
found of the outer membrane of gram-negative bacteria and
one of the most potent inducers of proinflammatory cytokine
release, were found in patients with decompensated HF
[29-31]. This HF-associated endotoxemia was supposed to
participate to the systemic inflammation observed in HF.
Pathophysiologically relevant amounts of endotoxin have
been shown to induce the release of TNF-a, IL-1 and IL-6
from ex vivo whole blood of HF patients [32].

This classic molecule can induce the expression of a wide
range of inflammatory products, mainly by the Toll-like re-
ceptor 4 (TLR4) pattern recognition receptor, within the heart.
This cardiac effect of LPS occurs in many types of cells, such
as macrophages, dendritic cells, cardiomyocytes and cardiac
fibroblasts. Studies have shown that TLR4 expression in-
creases in the heart of patients with advanced HF [33, 34].
TLR4 is associated with deleterious inflammatory effects that
exacerbate cardiac damage, and inhibition of TLR4 reduces
the progression of heart failure. Finally, the processes respon-
sible for the increase in intestinal permeability may involve a
decrease in the vigilance of the intestinal immune system that

would allow, without destroying them, whole bacteria and
bacterial components. LPS itself may promote the deteriora-
tion of mucosal barrier function [35].

2.3 The gut microbiota-derived metabolites
as mediators of HF

Although clinical studies have demonstrated that antibiotics
treatment reduced plasma endotoxin levels, an important stim-
ulus for systemic inflammation, in HF patients, decreased
plasma cytokine levels have not always been observed, sug-
gesting a prolonged effect. These differences suggested that
the gut microbiota may also have an impact on host processes
via bioactive metabolites. Through resorption and distribution
into the circulatory system, these metabolites can affect the
intestinal health, and other functions of the immune system,
and the heart, as well.

Of these metabolites, the gut microbiota has been described
to interact with the host through a number of pathways, in-
cluding trimethylamine (TMA) / trimethylamine N-oxide
(TMAO) pathway, short-chain fatty acids production, and pri-
mary and secondary bile acids. While most bacterial metabo-
lites, which are able to migrate from the intestine to the general
circulation, are beneficial to health in normal condition, a de-
crease in beneficial metabolites-producing bacteria associated
with an increase in the production of toxic metabolites, could
thus participate in the intestinal and cardiac processes in-
volved in the development of HF.

2.3.1 N-oxyde de triméthylamine (TMAO)

Recent studies have not only revealed a role of TMAO as a
promising biomarker for predicting the risk of HF, but also as
direct mechanistic link between gut dysbiosis and the devel-
opment of HF. The TMAO generation is dependent on intes-
tinal microbes and derived from specific dietary nutrients such
as choline, phosphatidylcholine and L-carnitine. Initially,
Wang and colleagues were the first, in clinical studies, to dem-
onstrate that circulating TMAO levels are higher in patients
with HF compared with subjects without HF. TMAO levels
were directly correlated with the severity of HF, and associat-
ed with unfavorable outcomes in HF patients [36, 37]. TMAO
levels were associated with a 3.4-fold increased mortality risk.
Since, several groups have replicated these results [38—41].
However, the mechanism explaining why patients with HF
have increased levels of TMAO and the mechanism of action
of TMAO within the heart remains to be elucidated. Whether
manipulation of the gut microbial TMAO pathway, such as
through reduction in TMAO levels can attenuate HF, remain
to be also determined. Animal model studies suggest that
TMAO pathway may directly contribute to the development
of HF. Using an experimental model of transverse aortic
constriction-induced HF, Organ et al. demonstrated that
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ventricular remodeling (including fibrosis, chamber dilatation,
LV wall thinning and cardiac function were significantly
worse in mice fed a diet containing TMAO when compared
with the control diet [42]. These results were confirmed by Li
and colleages, demonstrating that TMAO treatment stimulat-
ed cardiac hypertrophy and fibrosis in rats. In contrary, reduc-
ing TMAO synthesis by antibiotics attenuated TAC-induced
cardiac hypertrophy and fibrosis [43]. Recently, 3,3-dimethyl-
I-butanol (a trimethylamine formation inhibitor) treatment
was shown to reduce TMAOQO plasma levels, cardiac hypertro-
phy, lung congestion, left ventricular remodeling and impaired
cardiac function in an experimental model of myocardial
infarction-induced HF [44].

2.3.2 Short-chain fatty acids (SCFAs)

In contrast, it has also been suggested that the production of
many bacterial metabolites promoting cardiovascular benefits
may be dysregulated in HF. For example, a connection be-
tween microbial SCFAs and HF has also been gathering atten-
tion. SCFAs are a major class of bacterial metabolites and are
mainly produced in the colon by bacterial fermentation of
indigestible fibers. The major SCFAs produced as a result of
anaerobic bacterial fermentation of carbohydrates and proteins
are acetate, propionate and butyrate, and make up 95% of
those found in the body. Although SCFAs are predominantly
present in the colon at high concentrations, micromolar levels
can also be found in the circulation and have become impor-
tant signaling molecules with various physiological effects.
SCFAs have been shown to be key regulators of ileal motility,
production of mucus, and regulation of tight junction protein
expression, these factors being critical in maintaining the in-
testinal barrier integrity. SCFAs have also potent anti-
inflammatory effects on immune cell functions in the intesti-
nal tract [45-49]. Although SCFAs may have beneficial ef-
fects on all intestinal structural and functional dysfunctions
described in HF, there is a limited number of studies examin-
ing the direct effects of SCFAs on HF, both in animal and
human studies.

Several bacteria have been identified through metagenomic
analyses contributing to SCFAs production. Bacteroides,
Clostridium, and Bifidobacterium are key acetate producing
bacteria while a small group of bacteria including
Faecalibacterium prausnitzii contribute to a large portion of
butyrate production. Both Gram-negative bacteria and gram-
positive bacteria are responsible for propionate production. Of
interest, as mentioned above, a reduction of the genus
Faecalibacterium prausnitzii has been consistently observed
in HF patients [14, 18, 20]. To date, only one preclinical study
try to address the role of SCFAs in the development of HF. In
an experimental model of hypertension-induced HF, Marques
and colleagues demonstrated that consumption of fiber not
only increased the abundance of acetate-producing bacteria,
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but also reduced cardiac fibrosis and hypertrophy, resulting in
a ameliorated cardiac function. Similar results were obtained
with a diet supplemented with acetate [50].

2.3.3 Bile acids (BAs)

Bile acids (BAs) are another group of metabolites with a pro-
found effect on human health. Primary BAs are synthesized
by the oxidation of cholesterol in the liver. The majority of
BAs are reabsorbed in the intestine and returned to the liver to
be picked up by the portal vein. However, the microbiota in
the colon can further metabolize non-recycled BAs to produce
secondary BAs. These secondary BAs also enter the
enterohepatic circulation to function as signaling molecules
with profound effects on the physiology and pathology of
the host. The efffects of BAs are mediated, mainly through
two receptors, namely the nuclear farnesyl X receptor (FXR)
and the G protein-coupled receptor TGRS. Apart from classic
functions of BAs in digestion and solubilization of lipophilic
nutrients in the small intestine, recent studies have shown that
BAs control inflammation and fibrosis, and restore the intes-
tinal barrier. Further studies have confirmed that FXR activa-
tion can reduce intestinal ischemia-reperfusion injury and pre-
serve internal structure and permeability [51, 52].

Since BAs receptors have been described in endothelial
cells, fibroblasts, and cardiomyocytes, a potential role of
BAs, as signaling molecules, has been proposed top play a
direct role in regulating cardiovascular physiology and gut
dysbiosis-induced HF [53-55]. To date, the role of BAs in
the development of HF remains poorly understood.
Although Mayerhofer and colleagues recently demonstrat-
ed an increased secondary-to-primary BA ratio in HF pa-
tients, as compared to healthy control subjects, no associa-
tion was found between this increased ratio and the overall
survival [56]. In vitro, FXR agonists upregulated cardio-
myocyte FXR expression, stimulated myocyte apoptosis,
and reduced myocyte viability. Furthermore, levels of
FXR were significant increased after myocardial ischae-
mia/reperfusion, and pharmacological inhibition or genetic
ablation of FXR significantly reduced myocardial apopto-
sis, decreased infarct size, and improved cardiac function.
Similar results were obtained recently following chronic
myocardial infarction [57]. On the other hand, contradictory
results were obtained concerning the TGRS receptor.
Indeed, diets supplemented with cholic acid or a specific
TGRS agonist improved maladaptative ventricular remod-
eling and contractile dysfunction in the animal model of
transverse aortic constriction-induced HF [58].
Furthermore, mice with cardiomyocyte-specific deletion
of TGRS demonstrate increased mortality and exaggerated
contractile dysfunction in response to transverse aortic con-
striction, compared to littermates.
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3 Microbiota-targeted therapeutics in heart
failure

Both experimental evidence and clinical observations prove
the functional links between gut dysbiosis, altered gut metab-
olites and susceptibility for HF, placing the gut microbiome as
a novel and attractive field for therapeutics. Several potential
strategies were then suggested, which include dietary regula-
tion, antibiotic intervention, prebiotics, probiotics and faecal
microbiota transplantation.

3.1 Dietary and lifestyle changing interventions

Adopting a balanced diet has been described as the most ef-
fective way to have a healthy flora, which as, in turn, an
essential role in the digestion and absorption of nutrients in
the intestine. As such, a diet rich in saturated fat, animal pro-
tein and low in fibers, such as the Western diet, is associated
with increased intestinal permeability, decreased microbial di-
versity, proliferation of pathogenic bacteria such as
Eubacterium, and increased circulating LPS, etc. This diet is
clearly known to increase the risk of HF [59]. Similarly, ex-
cessive consumption of L-carnithine, an essential nutrient in
red meat, increased gut dysbiosis, plasma concentration of
TMAO and accelerated atherosclerosis in mice. This has also
been observed in omnivorous humans following ingestion of
L-carnitine, compared to vegans or vegetarians, in whom in-
creased plasma TMAO level with concurrently high plasma
L-carnithyne concentration were associated with increased
risk of HF [60—62]. In contrast, the Mediterranean diet, rich
in fruits, vegetables, legumes, whole grains, and low in red
meat is described as the diet likely to promote optimal micro-
bial composition favoring a healthy state and decreasing HF
incidence up to 74% [63]. In the same way, hypertensive mice
fed with high-fibers diet were characterized by and increased
abundance of acetate-producing bacteria with amelioration of
pathological cardiac remodeling and cardiac dysfunction.
Acetate supplementation yielded the same results [50].
Exercise training (ET), a well-known primary prevention
tool but also a therapy in HF patients, could be another pow-
erful and promising complementary intervention for health
promotion on the intestinal microbiome [64, 65]. Although a
direct mechanist link between ET-induced modification in mi-
crobiota and HF has not been yet established, Lambert et al.
have shown that cecal microbiota from diabetic exercised
mice is characterized with higher abundance of Firmicutes
species and decreased abundance of Bacteroides and
Prevotella species [66]. In the same way, Zhao and colleagues
investigated the response of the gut microbiota in amateur
half-marathon runners. They demonstrated that abundances
of certain microbiota members were significantly different
before and after running, especially the family

Coriobacteriaceae, which was supposed to be a potential bio-
marker that links exercise with health improvement [67].

Overall, a healthy lifestyle - based on diet and ET- is the
best way to prevent and treat various diseases, including HF,
through its positive influence on the gut microbiota.

3.2 Antibiotics therapy

One of the most efficient and commonly used experimental
strategies for modulating intestinal microbiota, in order to
provide mechanistic links between gut dysbiosis and diseases
including HF, is the use of antibiotic treatment (Abs). For
example, oral vancomycin treatment of Dahl S rats induced
smaller left ventricular infarct size, and improved recovery
cardiac function following ischemia/reperfusion experiments,
as compared with untreated rats [68]. In trials on patients,
whether the use of Abs has protective effects against HF re-
mains unanswered and controversial. Conraads and al. dem-
onstrated that Abs treatment, using a coktail of polymixin B
and tobramycin, normalized the level of intestinal Gram-
negative bacilli in association with a significant decreased of
pro-inflammatory cytokines in HF patients. Flow-mediated
dilation, as an evidence of endothelial dysfunction, was also
significantly improved [69]. However, the observed beneficial
effects were limited within the period of treatment. Finally, the
potential benefits of Abs need to be weighed against the po-
tential side effects. Polymyxin B has been clinically restricted
because of its toxicity. In the same way, macrolides Abs use,
one of the most widely used antibiotic groups, was associated
with a greater risk of myocardial infarction [70, 71].

3.3 Prebiotics and probiotics therapy

Prebiotics, which are food indigestible molecules that can fa-
vor the growth of beneficial microbial organisms, or
probiotics, defined as live microorganisms, are also interesting
therapeutic strategies to restore a healthy flora in order to
provide a health benefit to the host. Although the potential
beneficial effects of prebiotics in the setting of HF are limited,
a high-fiber diet has been recently shown to lower gut
dysbiosis (evaluated by the ratio between Firmicutes and
Bacteroidetes), decreased blood pressure, normalized cardiac
hypertrophy and improved cardiac function in an experimen-
tal model of hypertention-induced HF [50]. Accumulating ev-
idence has also demonstrated that probiotics can favorably
modulate cardiac remodeling and function in HF [72]. It has
been reprted that oral administration of Goodbelly, containing
the bacteria Lactobacillus plantarum 299v, induced
cardioprotective effects, including smaller left ventricular in-
farct size and improved cardiac function following myocardial
ischemia/reperfusion, in rats [67]. Similar results were obtain-
ed using Lactobacillus rhamnosus GR-1 [73]. Probiotic ther-
apy has been recently tested in HF patients. Costanza et al.
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demonstrated that HF patients treated with S. boulardii for 3-
months presented a reduction on biochemical and inflamma-
tory biomarkers, and also an improvement on cardiac systolic
function, compared with placebo group [74]. A similar study,
using Lactobacillus rhamnosus is under investigation [75].

3.4 Faecal microbiota transplantation (FMT)

Interest in the therapeutic potential of faeccal microbiota trans-
plant (FMT), aiming at transfering a healthy flora into dis-
eased receiver, has been increasing globally in recent years
[9]. This approach has been proven to be mosly effective in
the treatment of Clostridium difficile infection [76]. However,
to date, no study has been realized in the setting of HF.
Nevertheless, it could be hypothesized that the FMT strategy
will be more effective than Abs or probiotics approaches,
since a recent study demonstrated, that FMT induced a more
efficient recovery of intestinal microbiome than a mixture of
probiotics in mice pre-treated with antibiotics [77].

4 Conclusion

In summary, over the last decade, an evident association has
been demonstrated between gut dysbiosis and HF. Of the gut-
derived metabolites, only a mechanistic link between TMAO
to HF has been demonstrated in animal and human studies.
Further studies, focusing on a greater mechanistic understand-
ing of the gut microbiome and/or microbiota-derived metab-
olites in the pathogenesis of HF, are necessary to develop
novel therapeutic strategies.
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