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Highlights of the Study

o The gut plays a relevant pathophysiological role in heart failure (HF).

o The interplay between the cardiac and intestinal systems is driven by different pathways.

o Modulation of the intestinal microflora may represent a potential treatment for HF.

o Dysbiosis reflects in the upregulation of sodium/hydrogen cotransporters with a consequent overload
of salt and fluids. Their inhibition may represent a novel strategy.
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Abstract

Heart failure (HF) represents a major health problem affect-
ing millions of people worldwide. In the latest years, many
efforts have been made to search for more effective strate-
gies to prevent and modify the course of this disease, but
results are still not satisfying. HF represents a complex clini-
cal syndrome involving many other systems, including the
gastrointestinal system. Although the relationship between
the gut and HF is far from being fully understood, based on
recent evidence highlighting the putative role of the gastro-
intestinal system in different cardiovascular diseases, it is
conceivable that the gut-heart link may represent the basis
for novel therapeutic approaches in the HF context as well.

This intricate interplay involving typical hemodynamic
changes and their consequences on gut morphology, per-
meability, and function, sets the stage for alterations in mi-
crobiota composition and is able to impact mechanisms of
HF through different routes such as bacterial translocation
and metabolic pathways. Thus, the modulation of the gut
microbiota through diet, probiotics, and fecal transplanta-
tion has been suggested as a potential therapeutic ap-
proach. More interestingly, another effect of alteration in mi-
crobiota composition reflects in the upregulation of cotrans-
porters (NHE3) with consequent salt and fluid overload and
worsening visceral congestion. Therefore, the inhibitors of
this cotransporter may also represent a novel therapeutic
frontier. By review of recent data on this topic, we describe
the current state of the complex interplay between the gas-
trointestinal and cardiac systems in HF, and the relevance of
this knowledge in seeking new therapeutic strategies.
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Introduction

The Gut-Heart Axis

Cardiovascular diseases (CVDs) still represent the
leading cause of death and disability in developed coun-
tries [1]. It is, therefore, obvious that more and more ef-
forts have been made to search for effective strategies to
prevent and modify the course of these diseases. It is well
known that many factors contribute to the rise and pro-
gression of CVDs, from genetic or environmental sourc-
es, or a combination of both [2]. New knowledge on the
pathophysiology of heart diseases, the roles of common
risk factors, such as obesity and type 2 diabetes, and the
interplay between cardiovascular and other systems rep-
resent the mainstay of research [3, 4].

Gastrointestinal and hepatic involvement in heart dis-
eases has usually received little attention, and the mecha-
nisms underlying the specific link between the gastroin-
testinal and cardiac systems are not completely under-
stood. However, their bidirectional relationship has
proven to be particularly close, thus leading to the iden-
tification of the so-called “gut-heart axis” [5]. In particu-
lar, much attention has been given to the contribution of
intestinal microbiota in the etiology of CVDs. For years,
the gut microbiota has been considered merely a part of
the digestive system [6]. Nowadays, however, it is widely
recognized as an integrated endocrine system, producing
a large series of metabolism-dependent and metabolism-
independent signals with a strong impact on CVDs [6]. It
is known that the human body harbors at least 10'* mi-
croorganisms belonging to >2,000 microbial species, col-
onizing its internal and external surfaces in an integrated
ecosystem in which humans and microbes benefit each
other with functions they have not evolved on their own
(7, 8].

When in balance, this system provides us with vitamin
synthesis, development of a healthy host immune system,
metabolic functions by the production of short-chain fat-
ty acids (SCFAs) involved in energy harvest and storage,
and the trimethylamine N-oxide (TMAQO) pathway [8].
The maintenance of biodiversity is crucial to keep the sys-
tem in balance and to guarantee homeostasis [9]. How-
ever, during life, the composition of gut microbiota varies
considerably among individuals, being influenced by
changes in environmental conditions (diet, various drugs,
oxidative stress) or host genetic factors [10, 11].

The interplay between gut microbiota and host cardio-
metabolic functions has been investigated in recent times,
mainly the role of TMAQ in CVDs [12-19]. The genera-
tion of TMAO by multiple dietary nutrients and their
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blood levels is modulated by intestinal microbiota. Foods
rich in cholesterol and fats are also rich in lecithin, cho-
line, and L-carnitine. After ingestion, the gut microbiota
can cleave the C-N bond of these nutrients by the enzyme
TMA lyase, releasing intermediate trimethylamine
(TMA) as a waste product. The subsequent hepatic oxida-
tion via flavin monooxygenase (particularly flavin mono-
oxygenase 3) leads to the production of TMAO entering
the circulation [12-14]. Elevated concentrations of
TMAO are widely correlated with the accumulation of
cholesterol in macrophages and the development of ath-
erosclerosis; several studies have confirmed the associa-
tion between increased levels of TMAO and higher inci-
dence of cardiovascular events in coronary artery disease
[12-19]. In particular, the association of blood levels of
TMAO (and its precursors) with the development of ma-
jor adverse cardiovascular events was recognized to be
dose-dependent and independent of conventional risk
factors such as kidney dysfunction, diabetes mellitus, and
obesity [20].

Among CVDs, heart failure (HF) represents a major
global health problem, being a leading cause of death and
morbidity worldwide [21]. Recent progress in under-
standing the pathophysiology of HF leads to the investi-
gation of new approaches, although results are still far
from being satisfactory [3]. In this regard, the potential
role of the gut in the pathophysiology of HF has recently
received increased attention. Besides bacterial metabo-
lites such as TMAO in this condition, more complex in-
teractions involving hemodynamic changes and their
consequences on gut morphology, permeability, and
function contribute to maintain a deleterious vicious cy-
cle, worthy of being explored [4, 5, 22, 23]. In this review,
we describe the current state of the relationship between
the gastrointestinal system and HF and the relevance of
these understandings in seeking new therapeutic strate-
gies.

The “Gut Hypothesis” of HF

HF represents a complex clinical syndrome, character-
ized by typical symptoms (breathlessness and fatigue),
that may be accompanied by signs such as elevated jugu-
lar venous pressure, pulmonary crackles, peripheral ede-
ma, and ankle swelling [21]. As widely reported, patients
with HF are very heterogeneous [24]. More than 70% of
patients with HF suffer from one or more comorbidities,
such as type 2 diabetes mellitus, chronic kidney disease,
chronic obstructive pulmonary disease, etc., that contrib-
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ute to disease progression and have an independent effect
on mortality [25].

Classification of HF is usually based on left ventricular
(LV) ejection fraction (EF), considering values of >50%
as the threshold to identify patients affected by HF with a
preserved EF, and by New York Heart Association
(NYHA) functional classification based on clinical pic-
ture [21]. Although HFpEF has been previously consid-
ered as the precursor of HF with a reduced EF (HFrEF),
it is now widely accepted that these represent two differ-
ent disorders. In particular, HFpEF is usually associated
with comorbidities, such as obesity, metabolic syndrome,
and diabetes mellitus [26], and its incidence has been
growing significantly in recent years due to aging and in-
creased burden of comorbidities of the general popula-
tion.

Clinical signs and biomarkers have a fundamental di-
agnostic and prognostic role in HF. The most important
biomarker is B-type natriuretic peptide (BNP), usually
related to increased LV filling pressures and wall stress.
Its high diagnostic negative predictive value and close
correlation with response to therapy have made it a very
useful parameter to guide pharmacological strategies
[21]. However, levels of BNP are usually lower in patients
with HFpEF than in those with HFrEF, and this may be
influenced by sex and comorbidities; for example, obe-
sity is associated with reduced natriuretic peptide levels
[27].

However, new biomarkers have attracted increasing
interest because of emerging understanding on the com-
plex pathophysiological background of HF, including the
central role of low-grade inflammation [28-32]. Prelimi-
nary studies have reported increased plasma levels of pro-
inflammatory cytokines, including interleukin 6 (IL-6),
tumor necrosis factor (TNFa), galectin-3, and C-reactive
protein (CRP) in HF patients, also showing a correlation
with a worse prognosis [33].

Currently, treatments are based mainly on neuroen-
docrine inhibition by angiotensin-converting enzyme in-
hibitors and angiotensin receptor blockers, aldosterone
antagonists, beta-blockers, combination of angiotensin
receptor blockers/neprilysin blockers, and ivabradine
[21]. More recently, the PARADIGMHEF trial showed
that sacubitril/valsartan was superior to enalapril in re-
ducing the risks of death and hospitalization for HFrEF
[34]. However, despite these cardioprotective therapeutic
options, mortality and hospitalization rates remain high
and quality of life poor, thus encouraging active research
in this field.

The Interplay between Intestinal and
Cardiac Systems in HF

Recently, attention was focused on the pathophysio-
logic role of some comorbidities, such as anemia and in-
sulin resistance, with the aim to improve knowledge of
the pathways involved in cardiac disease progression and
to identify novel drug targets, mainly for those patients
with HFpEF [35]. In diabetic patients, sodium-glucose
cotransporter 2 inhibitors (empagliflozin, canagliflozin,
and dapagliflozin) have consistently shown a reduced risk
of HF hospitalization or CV death, probably by a direct
pleiotropic effect on cardiomyocytes, even if the exact
mechanism of action is largely unknown [35].

Tang’s group highlighted the potential pathogenetic
role of the gut in HF, formulating the first statement of
the “gut hypothesis of HF” [22]. This relationship has
aroused a great deal of interest. As described in the fol-
lowing paragraphs, both venous congestion and reduced
cardiac output in HF induce bowel hypoperfusion, lead-
ing to mucosal ischemia and hypoxia of the villous struc-
ture of the intestinal wall. This impairment in intestinal
barrier function increases bowel wall permeability, lead-
ing to increased bacterial translocation into the circula-
tory system and increased circulating endotoxins, thus
promoting a typical inflammatory state [23]. Here, we
will report current understanding about the main phys-
iopathologic mechanisms holding the complex relation-
ship between gut and HF.

Altered Gut Circulation and HF

An important aspect in gut-derived inflammation in
patients with HF is the altered gut circulation as a conse-
quence of reduced cardiac output with consequent sym-
pathetic vasoconstriction, leading to redistribution of the
systemic circulation and venous congestion in multiple
organs, including the bowel wall.

The microstructure of the intestinal villus surface not
only presents an ideal structure to optimize nutrient ab-
sorption but also makes it susceptible to shunting of oxy-
genated blood through the base of the villus, putting the
villus tip at risk of a relative ischemia [36]. The descend-
ing gradient of tissue oxygen concentration from the base
to the tip of the villus is inversely related to blood flow,
and it is directly influenced by alterations in perfusion
[23]. Patients with chronic HF show a thickened bowel
wall, suggestive of bowel wall edema, dysfunction of the
intestinal barrier, and significant increased intestinal per-
meability compared to control patients [37]. Sandek et al.
[38] found in 65 HF patients a significant reduction in
systolic blood flow (assessed by ultrasound) in the supe-
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rior and inferior mesenteric arteries and celiac trunk
compared with 25 controls, with a significant correlation
between impaired intestinal blood flow and severity of
HE. Moreover, patients with lower celiac trunk blood
flow showed higher thickness of the bowel wall, sugges-
tive of bowel wall edema, more abdominal discomfort,
and increased concentration of juxtamucosal anaerobic
bacteria in the sigmoid colon, correlating with higher sys-
temic levels of IgA anti-lipopolysaccharide (LPS). It has
been suggested that the interaction between mucosal in-
testinal bacteria and the immune system may contribute
to the systemic inflammation in HF [38]. Impaired intes-
tinal blood flow associated with hepatosplenic congestion
and, consequently with intestinal barrier dysfunction, is
also likely to determine a reduction of total absorptive
surface area, representing one of the major determinants
of the plasma profile of orally administered drugs [39].
Regardless of the underlying LV systolic function,
from 20 to 60% of patients with HF can develop right ven-
tricular (RV) dysfunction [40]. Patients with systolic RV
dysfunction have a pressure overload which is transmit-
ted to the venous system. Venous congestion has a prog-
nostic value in risk of HF but is also an integral part of
pathogenesis of HF and of other organ dysfunctions,
since it contributes to worsening of renal function, as an
example [41]. Valentova et al. [42] demonstrated that
splanchnic congestion was a typical finding in cachectic
patients affected by HF with RV dysfunction. In 165 HF
patients with an LV EF <40%, the combination of RV dys-
function and elevated right atrial pressure provided the
best discrimination between cachectic and noncachectic
patients. In particular, cardiac cachexia was associated
with intestinal congestion irrespective of HF stage. More-
over, patients with higher level of right atrial pressure
showed an increased bowel wall thickness associated with
an increase in liver enzymes and clinical symptoms such
as appetite loss, postprandial fullness, and inflammation
[42]. It has been supposed that the edematous decompen-
sation favors the translocation of LPS into the systemic
circulation, perpetuating and worsening cachexia with
the production of pro-inflammatory cytokines. As previ-
ously reported, ischemic-reperfusion damage to the gas-
trointestinal mucosa during cardiopulmonary bypass
leads to significantly increased permeability with subse-
quent translocation into the bloodstream of intestinal
gram-negative aerobic bacteria, which persists for the en-
tire first perioperative period [43]. Circulating endotox-
ins (mainly LPS and peptidoglycans) exert their deleteri-
ous effects interacting with the host mucosal surface cells
mainly through the Toll-like receptor 4 TLR4 pattern rec-
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ognition receptor and nucleotide oligomerization do-
main-containing receptors [28]. High levels of endotox-
ins promote the release of pro-inflammatory cytokines,
specifically TNF-a, IL-1, and IL-6, the recruitment of leu-
kocyte subpopulations, endothelial cell adhesion mole-
cule synthesis, and leucocyte integrin activation, ulti-
mately leading to extravasation of inflammatory cells
[29]. On the hemodynamic side, endotoxemia leads to
subclinical systemic vasodilation, which is often associ-
ated with acute decompensated HF [36].

In patients with decompensated HF, LPS levels are
higher in blood samples derived from the hepatic vein
compared to the systemic circulation, thus confirming
the hypothesis that LPS can be translocated from the gut
[30]. Also increased intestinal permeability has been
strictly correlated with the clinical severity of HF. Pasini
etal. [31] studied 60 patients in stable condition with mild
chronic HF (NYHA functional class I-1I) and moderate
to severe chronic HF (NYHA functional class III-IV);
compared with normal control subjects, the entire chron-
ic HF population showed significantly increased intesti-
nal permeability (assessed by a cellobiose sugar test) and
venous blood congestion (expressed as RAP by echocar-
diography), together with systemic inflammation param-
eters (CRP). Interestingly, these differences were more
pronounced in patients with moderate to severe NYHA
functional classes than in patients with the mild NYHA
functional class. Moreover, intestinal permeability and
levels of RAP and CRP were mutually interrelated [31].

It is well established that systemic inflammation plays
a relevant prognostic role in the progression of HF by the
chronic state of inflammation that accelerates atheroscle-
rosis and cardiac fibrosis [29, 32]. In particular, the bio-
marker substudy of the large sample “Acute Study of
Clinical Effectiveness of Nesiritide and Decompensated
Heart Failure” trial (ASCEND-HF trial) measured hsCRP
levels at admission, at 48-72 h, and 30 days later, showing
that levels of hsCRP were considerably elevated at admis-
sion and after 48-72 h, declining only at 30 days. In addi-
tion, increasing levels at 30 days after discharge are asso-
ciated with higher 180-day mortality [32].

The Alteration of Fluid Balance: The Role of NHE3

When in balance, the GI tract represents a tightly con-
trolled system which mediates the reabsorption of sev-
eral liters of fluids on a daily basis. The disruption of ad-
sorptive functions due to vascular impairment may cause
a perturbation of fluid balance and an alteration of water
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homeostasis. Sodium balance is maintained by different
groups of ion channels. Absorption of intestinal salt
(NaCl) and water in the gut are largely driven by the so-
dium-dependent cotransporters and sodium re-uptake,
including the sodium-proton exchangers NHE2, NHE3,
and NHES, of which NHE3 is the most important [44].
NHE3 acts on the apical membrane of enterocytes, regu-
lating the electroneutral exchange of sodium (Na+) and
protons (H+), and plays a relevant role in transepithelial
absorption of Na+ and water [45]. It, therefore, repre-
sents a crucial element in maintaining a correct salt, vol-
ume, and acid-base homeostasis. Several factors, such as
aldosterone, glucocorticoids, and increased concentra-
tions of hydrogen (H+) can upregulate the function of
this channel [46].

Ischemia deriving from venous congestion and vascu-
lar impairment generates a condition of hypoxia and a
consequent cytoplasmic acidification in enterocytes,
which leads to the upregulation of NHE3; this causes an
increased reabsorption of sodium and simultaneous ab-
sorption of fluids, delivering a salt and water load on the
cardiovascular system and worsening heart dysfunction.
Moreover, the extrusion of H+ ions into the gut lumen
causes acidification of the local pH, thus affecting the
composition of the normal gut microbiota [47].

Human Gut Microbiota and HF

Gut Microbiota Dysbiosis and HF

Normal composition of gut microbiota consists main-
ly of bacteria from the phyla Bacteroidetes, Firmicutes,
Actinobacteria, and to a lesser extent Proteobacteria [48];
among them, two phyla are dominant: Bacteroidetes
(Bacteroides, Prevotella,and Xylanibacter) and Firmicutes
(Ruminococcus, Clostridium, Lactobacillus, Eubacterium,
Faecalibacterium, and Roseburia). Once the balance is
broken, large shifts in the phyla of bacteria or expansion
of new bacterial groups can take place; alteration of the
ratio of Firmicutes/Bacteroidetes, reduction in microbial
diversity, and outgrowth of Proteobacteria cause disequi-
librium, which is the cardinal feature of this process [10,
11].

A growing number of diseases, including gastrointes-
tinal diseases (IBDs, IBS, liver cirrhosis), extra-intestinal
diseases (Parkinson’s disease, major depression, autism
spectrum disorder, chronic kidney disease), and even sys-
temic diseases (atherosclerosis, type 2 diabetes), have a
pathogenetic hallmark in the so-called dysbiosis [49-54].
The mechanistic link between gut dysbiosis and cardio-

The Interplay between Intestinal and
Cardiac Systems in HF

vascular impairment, including hypertension, thrombo-
sis, and HF, have gained much attention in recent years,
not only for basic research but also for plausible therapeu-
tic implications, still representing a subject for debate
[55].

In HF patients, in particular those in a decompensated
phase, gut luminal hypoxia and changes in local pH in-
duced by intestinal hypoperfusion may significantly con-
tribute to a change in the composition of gut microbiota
[23]. Several researchers have attempted to characterize
the gut microbiota profile in HF, demonstrating signifi-
cant alterations consistent with bacterial overgrowth,
shifting to pathogenetic phyla, and decrease in bacteria
with anti-inflammatory functions [31]. Dinakaran et
al.[56] showed a significantly higher 16S rRNA bacterial
copy number in decompensated patients with HF; more-
over, in patients with CVDs a dominance of Actinobac-
teria was found, while Proteobacteria were dominant in
controls [55].

Moreover, using 16S rRNA gene amplicon sequenc-
ing, different cross-sectional studies reported significant
differences between the gut microbial composition of
both acutely decompensated and stable HFrEF patients
[31, 57, 58]. In stable HF patients, Kummen et al. [57]
found a reduction in SCFA butyrate-producing bacteria
species, while Pasini etal. [31] found an increase in patho-
genic gut bacteria, such as Candida, Campylobacter, Shi-
gella, Salmonella, and Yersinia, as compared to healthy
controls. Interestingly, the increase in pathogenic bacte-
ria was correlated with worsening NYHA class [58]. Un-
til now, neither the real composition of microbiota in pa-
tients with HF nor the eventual changes occurring during
phases of acute decompensation and subsequent stable
HF disease are completely clear.

As for other CVDs, the role of bacterial metabolites has
been investigated also in HF. Organ et al. [18] showed in
mice models that elevated TMAO levels correlated with
enhanced susceptibility to develop HF, as evidenced by
pathological LV dilatation, reduced LV EF, increased cir-
culating BNP levels, increased pulmonary edema, and
increased myocardial fibrosis [17, 18]. In particular, pul-
monary edema, cardiac enlargement, and LV EF were
significantly worse in mice fed with TMAO- or choline-
supplemented diet with respect to mice fed with control
diet [17-19].

Several mechanisms may contribute to the adverse
prognosis in patients with HF and higher TMAO levels;
among them are pro-atherogenic properties of TMAO,
inflammation, and oxidative stress. High plasma TMAO
levels are an independent risk factor for long-term mor-
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Fig. 1. Pathophysiological mechanisms underlying the associations between HF, splanchnic hemodynamics, gut
dysbiosis, and worsening renal and hepatic functions are strongly interrelated. LPS, lipopolysaccharide.

tality in patients with chronic HF, correlating with more
advanced LV diastolic dysfunction and poorer long-term
adverse clinical outcomes in chronic systolic HF [59].
This correlation is confirmed even after adjusting for na-
triuretic peptide levels and renal function, underscoring
the importance of microbiota-dependent TMAO forma-
tion for the prognosis for people with HF, independent
of traditional risk factors, including renal dysfunction
[59].

In a study on 112 patients with chronic systolic HF,
median TMAO levels were significantly higher in sub-
jects with NYHA functional class IIT or IV. Their levels
were also associated with higher plasma N-terminal
proBNP (NT-proBNP) levels and more advanced LV dia-
stolic dysfunction. In particular, only higher TMAO lev-
els were associated with a poor prognosis, independently
from age, estimated glomerular filtration rate, mitral E/
septal Ea, and NT-proBNP levels [17]. Moreover, the lack
of correlations between TMAQ, choline, and betaine and
other inflammatory biomarkers (plasma myeloperoxi-
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dase and high-sensitivity CRP) led the authors to suggest
an independent pathway for these metabolites in devel-
opment and progression of HF. Among the mechanisms
involved, it was suggested that TMAO may directly im-
pact myocardial fibrosis [19]; moreover, an increase in
angiotensin-II mediated hypertensive effects has been re-
ported during direct infusion of TMAO, suggesting the
possibility of a neurohormonal synergistic action [16].

Also other bacterial metabolites, such as SCFAs, have
been recently known for their potential link with HF.
SCFAs represent the main energy source for large intes-
tinal epithelial cells and, through G-protein-coupled re-
ceptors, they represent an essential regulator of fluid and
electrolyte homeostasis and epithelial barrier mainte-
nance [60, 61].

SCFAs secreted by gut flora are normally absorbed by
epithelial cells, where they act on the mitochondria stabi-
lizing the hypoxia-inducible factor (HIF), a polypeptide
signaling molecule involved in production, and mainte-
nance of several epithelial cell barrier proteins [62]. In
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HF, the hypoxia generated in the gut lumen as a conse-
quence of splanchnic hypoperfusion causes an acidifica-
tion of the gut lumen and a depletion of butyrate-produc-
ing bacteria [63]. Ischemia and relative depletion of
SCFAs destabilize HIF, reducing intestinal barrier func-
tion, increasing permeability, and leading to low-grade
endotoxemia and inflammation. Several lines of evidence
also suggest a cardioprotective role of SCFAs, mainly
through the promotion of postinfarction cardiac repair
through stimulation of CX3CR1+ monocytes in the peri-
infarct zone [64]. Figure 1 summarizes the pathophysio-
logical mechanisms underlying the associations between
HF, splanchnic hemodynamic, and gut dysbiosis.

Potential Strategies for the Management of HF

Based on the mechanistic links between the gut and
HF, different alternative strategies have been suggested
for the treatment of HF, including modulating the micro-
biota composition (diet, antibiotics, prebiotics, and pro-
biotics), targeting the biochemical pathway involved in
HF pathogenesis by using molecules acting on host/bac-
terial metabolism and restoring the integrity of intestinal
mucosal barrier to prevent bacterial translocation. Inter-
estin this new scenario is growing, although the complex-
ity and the diversity among individuals make the micro-
biota a very complicated therapeutic target.

Dietary Interventions

The discovery of dietary-induced gut microbiota-de-
rived metabolites, such as choline, betaine, and TMAO,
and their correlation with strong cardiovascular out-
comes, led to emphasizing the role of the diet-induced
composition of microbiota. The Mediterranean diet, as
compared to the “Western world” diet, is rich in fruits,
vegetables, legumes, and whole grains, and has been as-
sociated with reduced mortality and lower risk of CVDs
[65]. Different mechanisms have been suggested to ex-
plain the beneficial effects of the Mediterranean diet. In
particular, a fiber-rich diet is able to promote an opti-
mal microbial composition, by stimulating the growth
of beneficial commensal bacteria and limiting that of
known opportunistic bacteria, thus favoring a healthy
state and decreasing HF incidence up to 74% [66, 67].
A high-fiber diet has been demonstrated to be associ-
ated with lower gut dysbiosis, decreased blood pressure,
normalized cardiac hypertrophy, and improved cardiac
function in an experimental model of hypertension-in-
duced HF [68].

The Interplay between Intestinal and
Cardiac Systems in HF

Action on the source of bacterial metabolites known to
have an impact on CVDs and HF, such as TMAO, may
represent a practicable approach that can be realized by
modifying the diet in order to reduce intake of TMA-pro-
ducing substrates and consequent TMAO production.
Choline is a necessary nutrient, therefore, its total elimi-
nation by diet is unrealistic, as compared to L-carnitine
for instance which is abundant in red meat. Therefore,
encouraging to follow a Mediterranean diet, typically low
in red meat, may contribute to reduced TMAO levels and
consequently favorably impact CVDs [69]. However, lit-
tle is known about the real impact of diet intervention on
gut microbial metabolism and CVDs, and strong evi-
dence for the benefit of this strategy in HF is still largely
lacking.

Molecular Inhibitors of the TMAO Pathway

Although dietary intervention still deserves many con-
cerns on its efficacy in HF, interest in the potential role of
TMAO as a drug target in this condition is continuously
growing. Recent efforts are aimed at developing specific
drugs capable of inhibiting the production of TMAO. Ko-
nop et al. [70] hypothesized that enalapril, a well-estab-
lished drug that reduces cardiovascular mortality in HF
patients, could modify plasma level of gut bacteria-de-
rived metabolites and the composition of gut microbiota.
They found that rats treated with enalapril showed a sig-
nificantly lower plasma level of TMAO and a trend to-
ward higher 24-h urine excretion of TMA and TMAO
[70]. However, there was no significant difference be-
tween the groups in the composition of gut bacteria.

It has also been reported that the 3,3-dimethyl-1-buta-
nol, a structural analog of choline, is able to inhibit mi-
crobial production of TMA and TMAO, through the in-
hibition of microbial TMA lyase [71]. A recent study by
Wang et al. [72] in rats demonstrated that 3,3-dimethyl-
1-butanol attenuates pressure overload-induced cardiac
remodeling, such as cardiac hypertrophy, fibrosis, and in-
flammation, by reducing plasma TMAO levels.

Oral administration of specific oral nonabsorbant
binders has been suggested to be a promising interven-
tion, by removal of gut microbiota-derived metabolites
(e.g., TMAO) or their precursors (e.g., TMA) form the
gut [73]. The oral charcoal adsorbent AST-120 has been
clinically used to remove uremic toxins from patients
with advanced renal failure. In rats with chronic renal dis-
ease, AST-120 has been shown to prevent progression of
LV hypertrophy and cardiac fibrosis; however, further
studies did not confirm the benefit of AST-120 in human
HF [23].
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In general, although these studies confirmed a correla-
tion between elevated blood concentrations of TMAO (or
its precursors) and a worse outcome in HF patients, avail-
able data do not conclusively support the inhibition of
TMAO production as a successful strategy. The heteroge-
neity of study designs and clinical cohorts, including pop-
ulations with different stages of disease, global cardiovas-
cular risk, and comorbidities, may explain the weakness
of the current results. Moreover, a real cutoff to assess
significantly elevated TMAO levels has not been identi-
fied yet, and longitudinal evaluation correlating TMAO
levels and different phases of HF are still lacking. In con-
clusion, these interesting approaches are far from being
valid alternatives and further studies are needed to inves-
tigate the real impact of bacterial metabolites in this field.

Antibiotic Therapy

Antibiotic therapy may interfere with the pathogenesis
of microbiota-driven HF by changing its composition
and abundance. Rifaximin, a nonabsorbable oral antibi-
otic, strongly associated with beneficial effects in cirrhot-
ic patients with hepatic encephalopathy, can reduce en-
dotoxemia and improve hemodynamics by increasing
glomerular filtration rate and natriuresis, while reducing
plasma endotoxin, IL-6, and TNF-a levels. In 20 patients
with decompensated cirrhosis, Kaji et al. [74] found low-
er plasma endotoxin levels after 4 weeks of treatment with
rifaximin 400 mg thrice a day when compared to baseline,
but without modifying the overall composition of the gut
microbiome. Two possible mechanisms were suggested;
the impact of rifaximin on metabolic modifications in the
gut microbiota, and the possibility that rifaximin may
contribute to the improvement of the intestinal barrier
function [74].

The recent gut-heart phase II trial conducted in Nor-
way and Brazil was aimed at assessing the effect, on car-
diac function, of the action of gut microbiota in HF pa-
tients with reduced EF treated with rifaximin versus the
probiotic yeast Saccharomyces boulardii versus a control
group with no treatment. Three months of treatment
with both rifaximin and probiotic did not affect cardiac
function, which represents the primary endpoint. A sig-
nificantly change in microbiota composition was found
in the rifaximin group after the 3 months of treatment
with respect to baseline; however, there was no significant
impact on LV EF [75].

Data on other systemic antibiotics and HF are very
scarce. Rats treated with vancomycin presented a reduc-
tion in myocardial infarct size in an ischemia-reperfu-
sion model [76]. In contrast, direct administration of
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vancomycin into the coronary circulation did not im-
prove the severity of myocardial infarction. Moreover,
the potential side-effects of antibiotics, such as microbial
substitution and antibiotic resistance, still challenge the
potential role of this strategy and its real impact on HF
population.

Probiotics

Probiotics are live microorganisms able to confer
benefits to the host by improving its intestinal balance.
It has been suggested that modulation of gut flora by
probiotics can favorably modulate cardiac remodeling
and function in HF. A small double-blind, placebo-
controlled pilot study by Costanza et al. [77] demon-
strated in 20 HF patients NYHA (class IT or III, with
LVEF <50%), randomized to probiotic preparation
with Saccharomyces boulardii (1,000 mg per day for 3
months) or placebo, that HF patients treated with a pro-
biotic showed a reduction in uric acid and total choles-
terol levels, and an improvement in cardiac systolic
function compared with the placebo group [77]. Oral
administration of Lactobacillus plantarum in rats has
been shown to induce cardioprotective effects, includ-
ing smaller LV infarct size and improved cardiac func-
tion following myocardial ischemia/reperfusion. Simi-
lar results were obtained using Lactobacillus rhamnosus
GR-1 in a rat model of attenuated LV hypertrophy and
improved LV EF. In this study, a decrease in levels of
the adipokine leptin was reported and recognized as the
potential beneficial probiotic mechanism, while treat-
ment strain did not influence the original gut composi-
tion, as revealed by the 16S sequencing [78]. However,
although probiotic therapy represents a promising and
generally safe approach, larger studies as the gut-heart
trial did not confirm these results in a 3-month inter-
vention period. Further investigations are needed to de-
termine their contribution in gut microbiota composi-
tion and the real long-term benefits of probiotics use in
different classes of HF patients.

Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is a method
of treating intestinal microbiological imbalance, mostly
used to treat recurrent or refractory Clostridium difficile
infections and bowel diseases [79]. Although the efficacy
of the application of FMT to other diseases is still poorly
known, different studies are examining the potential
benefits. Growing evidence suggests that the donor plays
an influential role in FMT outcomes for indications out-
side of CDI. Specifically, in terms of metabolic diseases,
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the efficacy of FMT would depend on the ability of the
donor to provide the necessary taxa capable of restoring
metabolic deficits in recipients that are contributing to-
ward the disease [80]. Until now, only a study on mice
showed that gut microbial transplantation can transmit
choline diet-induced TMAO production and atheroscle-
rosis susceptibility. In particular, microbial DNA analy-
ses in feces and cecum revealed that transplantation of
donor microbial community features into recipients also
correlated with plasma TMAO levels in donors and ath-
erosclerosis susceptibility [81]. It may be possible to re-
duce TMAO in patients with HF by transplanting low
TMAO-producing strains, but this clearly requires more
studies.

Inhibition of NHE3

As mentioned above, members of the sodium/hydro-
gen exchanger (NHE) family of proteins, which are ex-
pressed throughout the gastrointestinal tract, facilitate
the electroneutral exchange of sodium ions for intracel-
lular hydrogen ions across membranes. NHE3 is particu-
larly important for intestinal sodium transport. Tena-
panor is a minimally absorbed small molecule represent-
ing an inhibitor of NHE3 that acts locally in the
gastrointestinal tract [82]. In animals and human recent
studies, tenapanor has been reported to reduce absorp-
tion of sodium and phosphate from the gut, with a con-
comitant increase in stool fluid content. In particular, te-
napanor treatment over 7 days reduced sodium absorp-
tion, resulting in increases in stool sodium content of up
to 50 mmol (2.9 g table salt) per day [73]. In patients with
HF, usually characterized by fluid overload, tenapanor
has been suggested as a reliable strategy, mainly in pa-
tients developing resistance to diuretics and/or develop-
ing concomitant renal failure and hypokalemia. Drugs
acting in reducing intestinal sodium absorption, like te-
napanor, play a relevant role as antihypertensive agents,
with a significant impact on the most common risk factor
for CVDs.

In addition to increased stool sodium excretion, tena-
panor has also been found to increase the excretion of
stool phosphate and reduce serum phosphate concentra-
tions which have beneficial implications for patients with
CKD-related hyperphosphatemia [83]. Moreover, tena-
panor is in general reported to be well tolerated in hu-
mans with only mild to moderate adverse GI effects such
as abdominal pain and diarrhea. The role of gastrointes-
tinal NHE3 inhibition in treating HF, therefore, repre-
sents an interesting approach, requiring further investi-
gation.

The Interplay between Intestinal and
Cardiac Systems in HF

Conclusions

HEF still remains a major health burden; with the pro-
longation of life expectancy, cardiac diseases currently
continue to escalate. Although several treatment regi-
mens are available, their effectiveness is often unsatisfac-
tory. There is growing evidence that gut microbiota dis-
orders, intestinal barrier dysfunction, and gut microbiota
metabolites have an impact on CVDs. Although the in-
teractions between gut and heart are very complex (and,
still unclear), a close mechanistic link seems evident lead-
ing to the definition of “Gut Hypothesis of HF.”

We have come a long way since the first pioneering
researches correlating TMA/TMAQO pathway with the
atherosclerosis; metagenomic and metabolomic studies
have highlighted increasingly refined links. 16S-based
studies in HF patients found a significant reduction in
SCFAs-producer bacteria, demonstrating their impact on
the integrity of the intestinal mucosa and barrier dysfunc-
tion. Another great part of these studies focused on mi-
crobiota-derived metabolites, such as TMAO and LPS,
suggesting clinical implications in terms of inflammatory
response modulation, molecular inhibitors, and key me-
diator molecules.

Of course, when we talk about microbiota we refer to
an increasingly characterized system, which is still in an
infant state and of which little is known. Gut microbiota
is now recognized as a microbial ecosystem more com-
plex than previously imagined, and our understanding of
the links between changes in the microbiota and diseases
is constantly evolving.

Different studies reported significantly differences in
gut bacterial composition between HF patients and
healthy controls; however, identification of a common
microbiome related to HF has not been recognized yet.
The great heterogeneity of HF population, both in the real
word and in clinical trials, has also to deal with influence
of common factors influencing microbiota composition
like diet and medications. Therefore, despite encouraging
results, therapeutic strategies based on microbiota modu-
lation are still far from being validated in clinical practice.

In more recent days, promising results came from
studies on NH3 inhibitors, for their capacity to reduce
sodium overload; in particular, this could be a very reli-
able strategy in HF refractory to diuretics or in patients
with concomitant renal failure. Larger studies are needed
to fully understand the strong associations between mi-
crobiota composition, their functions, and their influence
on the heart, in order to translate the research to success-
ful therapeutic interventions.
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