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Abstract

Heart failure (HF) is a sophisticated syndrome with structural or functional

impairment of ventricular filling or ejection of blood, either causing symptoms

and signs or being asymptomatic. HF is a major global health issue affecting

about 64.3 million people worldwide. The gut microbiota refers to the complex

ecosystem of microorganisms, mainly bacteria, in the gut. Studies have

revealed that the gut microbiota is associated with many diseases ranging from

neurodegenerative diseases to inflammatory bowel disease and cardiovascular

diseases. The gut hypothesis of HF suggests that low cardiac output and

systemic circulation congestion would cause insufficient intestinal perfusion,

leading to ischemia and intestinal barrier dysfunction. The resulting bacterial

translocation would contribute to inflammation. Recent studies have refined

the hypothesis that changes of metabolites in the gut microbiota have a close

relationship with HF. Thus, the gut microbiota has emerged as a potential

therapeutic target for HF due to both its critical role in regulating host

physiology and metabolism and its pivotal role in the development of HF. This

review article aims to provide an overview of the current understanding of

the gut microbiota's involvement in HF, including the introduction of the

gut hypothesis of HF, its association with HF progression, the potential

mechanisms involved mediated by the gut microbiota metabolites, and the

impact of various interventions on the gut microbiota, including dietary

interventions, probiotic therapy, fecal microbiota transplantation, antibiotics,

and so on. While the gut hypothesis of HF is refined with up‐to‐date
knowledge and the gut microbiota presents a promising target for HF therapy,

further research is still needed to further understand the underlying

mechanisms between gut microbiota and HF, the efficacy of these interven-

tions, and contribute to the health of HF patients.
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Highlights

• Heart failure is associated with the gut microbiota, while the gut hypothesis

of heart failure is less discussed in a thorough manner.

• We reviewed how changes in metabolites of the gut microbiota contribute to

heart failure and possible underlying mechanisms.

• We also reviewed potential interventions for heart failure targeting the gut

microbiota, including dietary interventions, probiotic therapy, fecal micro-

biota transplantation, antibiotics, and other approaches.

INTRODUCTION

Research on the gut microbiota has been flourishing in
recent years, with numerous studies reporting its
relationship with diseases such as type 2 diabetes,
obesity, fatty liver disease, gastrointestinal diseases, and
certain types of cancer [1]. Worldwide, there are
approximately 64.3 million heart failure (HF) patients,
with HF patients accounting for 1%–2% of adults in
developed countries [2, 3]. The definition of HF was
reached in 1983, it is suggested that “Heart failure is the
state of any heart disease in which, despite adequate
ventricular filling, the heart's output is decreased or in
which the heart is unable to pump blood at a rate
adequate for satisfying the requirements of the tissues
with function parameters remaining within normal
limits” [4]. The 2022 American Heart Association/
American College of Cardiology/Heart Failure Society
of America (AHA/ACC/HFSA) guideline indicates that
“HF is a complex clinical syndrome with symptoms and
signs that result from any structural or functional
impairment of ventricular filling or ejection of
blood,” and asymptomatic stages with either cardiomyo-
pathies or structural heart disease are considered at‐risk
for HF or pre‐HF [5]. HF is characterized by circulatory
congestion, which can lead to intestinal swelling and
damage to the intestinal barrier. This can exacerbate
inflammation through bacterial translocation, highlight-
ing the potential role of the gut microbiota in HF [6].

Prevention of HF is important, especially for patients
at at‐risk for HF or pre‐HF. Primary preventions cover
controlling blood pressure, usage of sodium‐glucose
cotransporter 2 inhibitors (SGLT2i) for patients with
type 2 diabetes, and a healthy lifestyle with no cigarettes
[5]. Treatments for HF mainly include pharmacological
treatment, device and interventional therapies, mechani-
cal circulatory support (MCS), and heart transplantation
[5]. Commonly used drugs contain renin–angiotensin
system inhibitors such as angiotensin‐converting enzyme
inhibitors (ACEi) or angiotensin (II) receptor blockers

(ARB) or angiotensin receptor‐neprilysin inhibitors
(ARNi), beta‐blockers, mineralocorticoid receptor an-
tagonists, SGLT2i, hydralazine, isosorbide dinitrate, and
other drugs [5]. Device and interventional therapies
mainly refer to implantable cardioverter defibrillator and
cardiac resynchronization therapy to prevent sudden
cardiac death. The most widely used MCS is the left
ventricular assist device, which is regarded as both a
bridge to transplantation and as destination therapy [7].
End‐stage HF patients satisfying certain criteria may
undergo heart transplantation [8].

According to an estimation, the microbes in bodies
could collectively consist of as many as 100 trillion cells,
which is 10‐fold the number of human cells. It is also
pointed out that microbes could encode 100‐fold more
unique genes than the human genome [9]. It is believed
that the gut holds the majority of microbes [10]. By
examining fecal samples of 124 European individuals,
it is found that each habored at least 160 bacterial
species [11]. Besides HF, the gut microbiota is closely
related to many diseases, including autism spectrum
disorder [12], neurodegenerative diseases such as
Alzheimer's disease [13] and Parkinson's disease [14],
inflammatory bowel disease (IBD) [15], cardiovascular
diseases (CVDs) such as atherosclerosis [16] and
ischemic heart disease [17], and so on. As for HF, the
gut microbiota acts like an endocrine organ, as several
metabolites generated by its metabolism are involved in
the disease status of HF [6].

The whole story originated from the gut hypothesis.
By searching the Pubmed with keywords “(gut hypothe-
sis) AND (heart failure),” the first article discussing the
gut hypothesis is in 1999 by Niebauer et al. [18]. Actually,
the concept of the gut hypothesis in heart failure could be
traced back to no later than 1997, implying the role of
chronic heart failure (CHF) in leading to increased bowel
permeability and consequently bacterial translocation
and release of endotoxin [19]. Overall, the inflammatory
response would be triggered in HF patients [20]. After
that, more researchers focused on the relationship
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between the gut microbiota and HF. To explore the
complex interactions between the gut microbiota, a series
of studies have been performed in discovering changes in
the gut microbiota in HF patients [21], researching the
effects of metabolites by the gut microbiota in contribut-
ing to HF [22], and possible interventions concerning the
gut microbiota or the metabolites in alleviating HF [23].
Metabolites, mainly trimethylamine N‐oxide (TMAO)
and short‐chain fatty acids (SCFAs), play an important
role in the interaction with HF. Certain daily diet intakes
will be transformed into trimethylamine (TMA) by the
gut microbiota and eventually converted into TMAO in
the liver. SCFAs are generated from dietary fibers and
contribute to providing energy to the failing heart [24].
Other substances including N,N,Ntrimethyl‐5‐aminova-
leric acid (TMAVA) is also produced during gut
metabolism from trimethyllysine and contribute to HF.

In this review, we aim to briefly introduce “the gut
hypothesis of heart failure,” the role of gut microbiota
metabolites in HF, and related interventions.

GUT HYPOTHESIS OF HEART
FAILURE AND IMPAIRMENT OF
INTESTINAL BARRIER

The “gut hypothesis of HF” has gained popularity in
recent years, with increasing amounts of studies support-
ing its validity. This hypothesis proposes that low cardiac
output and circulation congestion in the system lead to
reduced intestinal perfusion, resulting in ischemia and
damage to the intestinal barrier. The intestinal barrier is
mainly formed by the intestinal epithelium mechanically
linked with each adjacent cell with selective permeability
to enable the absorption of nutrients, electrolytes, and
water, and disable the invasion of toxins, antigens, and
enteric flora [25]. Ischemia of the intestines would
generate a series of pathological changes such as
transmural necrosis and reversible mucosal injury, and
the severeness depends on the severity and duration of
ischemia, whether it is occlusive or non‐occlusive, where
and to what content is occluded and how long it takes to
start pathological examination after ischemia [26]. In
severe cases, digestive enzymes may enter the intestinal
wall during the ischemic period as a result of intestinal
barrier dysfunction [27].

Back in 1997, Anker et al. [19] hypothesized that
mesenteric venous congestion in CHF leads to an
increase in bowel permeability, thus contributing to
bacterial translocation and release of endotoxin deterio-
rating inflammation. In 1999, Anker's team went further,
Niebauer et al. [18] proved the hypothesis that there
would be an increase in bacterial translocation and

endotoxemia caused by altered gut permeability in CHF
patients with edema. A damaged barrier can increase
permeability, allowing bacterial translocation and en-
dotoxins to enter the bloodstream, contributing to
inflammatory responses in HF patients (Figure 1) [18,
20, 28]. This relationship has been further explored and
refined to be more concrete. Besides bacterial trans-
location and endotoxemia, metabolites of the gut
microbiota also have an impact on HF. The concept of
“refining the gut hypothesis” is first used in a research
article indicating the prognostic value of elevated levels
of TMAO in HF and suggesting a potential link between
the gut microbiota pathway and poor prognosis in HF
patients [29]. Besides TMAO, SCFAs, and other metabo-
lites such as TMAVA and phenylacetylgutamine (PAGln)
also play an important role in the interaction of the gut
microbiota and HF [30–32]. Up to now, a more specific
correlation has been confirmed and the hypothesis has
been refined: Congestion in HF would cause increased
bowel permeability, followed by bacterial translocation
and inflammation, and alterations in the gut microbiota
can exacerbate HF through metabolites, mainly TMAO,
SFCAs, and resulting in a vicious cycle.

CHANGES IN GUT MICROBIOTA
COMPOSITION

The human gut is colonized by a sophisticated ecosystem
of microorganisms, including bacteria, viruses, and fungi,
collectively known as the gut microbiota [33]. In this
context, we will discuss the changes that occur in the gut
microbiota of patients with HF (Table 1). Multiple
studies have revealed that the gut microbiota composi-
tion is different between HF patients and healthy
controls (Table 2) [28, 34–40]. For instance, certain
bacteria, such as Bacteroides/Prevotellain, Eubacterium
rectale, and Fusobacterium prausnitzii, are found to be
more frequent in HF patients, while others, such as
Coriobacteriaceae, Erysipelotrichaceae, and Ruminococca-
ceae, are decreased [28, 36]. These changes can also
impact systemic conditions, including persistent T‐cell
activation and increased susceptibility to Clostridium
difficile infection [40, 41]. Furthermore, the diversity of
the gut microbiota is reduced in HF patients.

Studies have found that certain bacteria, such as
Bacteroides/Prevotellain, Eubacterium rectale, and Fuso-
bacterium prausnitzii, are more frequently found in CHF
patients than in controls [28]. Additionally, these
bacteria were found to adhere more often to the
intestinal mucosa [28]. However, another study by
Sandek et al. [34] suggested that more bacteria are
restricted to the juxtamucosal zone, after examining both
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FIGURE 1 The gut hypothesis of heart failure. The gut hypothesis of HF proposes that low cardiac output and systemic circulation
congestion lead to reduced intestinal perfusion, resulting in ischemia and consequently intestinal barrier disruption. A damaged barrier with
increased permeability allows bacterial translocation and endotoxins to release into the bloodstream, contributing to inflammation and
worsening HF.

TABLE 1 Changes of gut microbiota in heart failure patients.

Increase Decrease

Phylum — Firmicutes

Family Enterococcaceae Lachnospiraceae, Rumminococcaceae

Genus Bacteroides/Prevotellain, Campylobacter, Shigella,
Salmonella, Prevotella, Hungatella, Succinclasticum
Enterococcus, Synergistete, Lactobacillus

Blautia, Collinsella, uncl. Erysipelotrichaceae, uncl.
Ruminococcaceae, Faecalibacterium, Ruminococcaceae
UCG‐004, Ruminococcaceae UCG‐002, Lachnospiraceae
FCS020 group, Butyricicoccus, Sutterella, Lachnospira,
Ruminiclostridium

Species Eubacterium rectalea, Fusobacterium prausnitzii, Yersinia
enterocolitic

Eubacterium rectalea, Dorealongicatena

Fungi Candida, Candida species —

Abbreviation: uncl., unclassified.
aEubacterium rectale is found to increase in HF patients by Sandek et al., while it is also reported to decrease by Kamo et al.
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anaerobic and aerobic bacteria in stool. Pasini et al. [35]
reported an increase in Campylobacter, Candida, Salmo-
nella, Shigella, Yersinia enterocolitica, and Candida
species in the entire CHF group. Specifically, considering
colony‐forming units/mL (×105) of stool, Candida
(37.2 ± 4.4 vs. 2.9 ± 1.1), Campylobacter (164.0 ± 6.1 vs.
8.3 ± 1.3), Shigella (70.4 ± 17.2 vs. 7.9 ± 1.7), and Salmo-
nella (37.6 ± 13.1 vs. 20.2 ± 4.9) were found to be higher
in New York Heart Association (NYHA) III to IV than in
NYHA I to II CHF patients, while Yersinia enterocolitica
(24.8 ± 7.5 vs. 23.1 ± 5.9) was similar between the two
groups [35]. Elevation of the genera Enterococcus and
Enterococcaceae is also observed in HF patients, leading
to an increased lactic acid level [39].

In addition to the increased bacteria in HF patients,
certain bacteria are decreased. Studies have shown that
the abundance of Coriobacteriaceae, Erysipelotrichaceae,
and Ruminococcaceae families is lower in HF patients
than in healthy controls when evaluating individual core
measurable microbiota (CMM). Blautia, Collinsella,
unclassified Erysipelotrichaceae, and unclassified Rumi-
nococcaceae also were found less in HF patients [36].
Furthermore, gut microbiota diversity is found to be
significantly lower in HF patients [36]. Another study
suggested that HF patients have lower levels of Eu-
bacterium rectale and Dorea longicatena than healthy
controls [37]. The trend of Eubacterium rectale in HF
seems contradictory, with both an increase and decrease
in the gut microbiota being reported. The inconsistency
may be ascribed to the varieties of the underlying causes
for HF. In patients with coronary heart disease, the
relative abundance of Eubacterium rectale was reported
to be remarkably higher compared with the healthy
controls [42]. Thus, maybe the abundance of Eubacter-
ium rectale is also influenced by the underlying disease
that causes HF. Further research is needed for clarifying
this contradictory finding. The abundance of Bacteroi-
detes is higher, while Proteobacteria is lower in young
compared with older HF patients [37]. The richness
of gut microbiota also decreases in HF patients, and
they have lower levels of Lachnospiraceae family,
Ruminococcaceae Faecalibacterium, and Bifidobactericeae
Bifidobacterium [38]. Additionally, phylum Firmicutes
and bacteria that generate SCFAs are also decreased in
the HF group [39].

A direction toward inflammation occurs in changes
in gut microbiota, with promoting bacteria flourishing
and anti‐inflammatory bacteria diminishing, as con-
firmed in another study [40]. Moreover, the gut micro-
biota is more prone to be affected in HF patients, with
hospitalized HF patients being more frequently affected
by Clostridium difficile infection, which is linked with
in‐hospital mortality [41]. Not only do changes in gut

microbiota affect its composition, but they also impact
systemic conditions. Persistent T‐cell activation is shown
to be connected with gut microbiota changes in HF
patients, which could result in activation of the immune
system [40].

Overall, these findings suggest that gut microbiota
plays a significant role in the pathophysiology of HF and
has the potential of being a therapeutic target.

CHANGES IN METABOLITES
CONTRIBUTING TO HEART
FAILURE

It has been discovered that when food is broken down in
the gut, it produces trimethylamine N‐oxide (TMAO),
SCFAs, and endotoxins under the co‐metabolism
between microbiota and host [16]. In individuals with
HF, there is an increase in the production of TMAO and
endotoxins, which contribute to myocardial fibrosis and
hypertrophy. The intestinal barrier is also compromised,
leading to inflammation that worsens HF [43]. Further-
more, there is a decrease in the abundance of SCFAs‐
producing bacteria, which results in lower levels of
SCFAs in HF patients. Other metabolites like TMAVA
and PAGln are also involved in HF (Figure 2).

TMAO

The gut microbiota is involved in the conversion of
phosphatidylcholine/choline, L‐carnitine, and betaine
from the daily diet into TMA. This TMA is then
released into the body circulation, in which it is
metabolized into TMAO through oxidization by
hepatic flavin monooxygenase (FMO) family members,
with FMO3 as the rate‐limiting enzyme [44]. In the
metabolism, most TMAO is eliminated by the kid-
ney [45].

Through metabolomics studies, it was reported in 2011
that TMAO, produced by gut microbiota, has the ability to
predict CVD risk, showing an elevated risk of cardiovascu-
lar events in patients with cardiac diseases taking elective
coronary angiography [46]. Since then, further research
has been conducted, and TMAO has been found to be
associated with multiple CVDs, including HF [43],
myocardial infarction [47], hypertension [48], and diabetes
[49]. Higher levels of TMAO are confirmed to be associated
with a higher long‐term mortality risk [29]. Nine strains
have been identified with the capability of generating
TMAO in vitro, including two phyla, Proteobacteria and
Firmicutes, and six genera: Providencia rettgeri, Anaerococ-
cus hydrogenalis, Clostridium hathewayi, Clostridium
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asparagiforme, Clostridium sporogenes, Edwardsiella tarda,
Escherichia fergusonii, and Proteus penneri [50].

As shown in Table 3, TMAO can contribute to HF
development at molecular and organ/tissue levels
through various and complex interactions, ultimately
leading to cardiac fibrosis and hypertrophy, promoting
inflammation and endothelial dysfunction, affecting
oxidation, and even disrupting thermogenesis.

TMAO can promote cardiac fibrosis and hypertrophy,
leading to myocardial damage. Studies have shown that a
TMAO‐rich diet can cause pulmonary edema, enlarged
heart, lowered left ventricular ejection fraction, and
myocardial fibrosis in mice [51]. Moreover, TMAO
treatment has been reported to induce cardiac hypertro-
phy in cardiomyocytes in vitro and promote cardiac
hypertrophy and fibrosis in Sprague‐Dawley rats. The

level of atrial natriuretic peptide (ANP) and beta‐myosin
heavy chain (β‐MHC) also increased, while the size of
cardiomyocytes decreased after blocking the Smad3
pathway using a pharmacological inhibitor SIS3 [56].

TMAO exposure triggers an inflammatory response and
endothelial dysfunction. TMAO is closely related to inflam-
matory status and increased inflammatory gene expression
has been observed in mice. TMAO has been reported to
increase inflammation in peritoneal dialysis patients [59]. To
be more specific, the production of P‐selectin induced by
tumor necrosis factor‐alpha (TNF‐α) was found to increase
in mesothelial cells by TMAO and TMAO promoted TNF‐α
induced by high glucose and expression of CCL2 in
endothelial cells [59]. In addition, activated leukocytes are
recruited to endothelial cells through the NF‐κB pathway in
mice [52]. TMAO has also been found to induce both

FIGURE 2 Metabolite changes contribute to HF. TMAO contributes to HF by promoting cardiac fibrosis and hypertrophy, boosting
inflammation and endothelial dysfunction, inducing oxidation, and disturbing thermogenesis. A decrease in SCFA levels has been
linked to HF, as SCFAs play an important role in preventing cardiac hypertrophy and fibrosis, reducing inflammation, and satisfying
energy metabolism. Therefore, maintaining sufficient levels of SCFAs in the body may be beneficial in the prevention and treatment
of HF. TMAVA promotes cardiac hypertrophy and reduces fatty acid oxidation. PAGln increases the susceptibility of ventricular
arrhythmias in HF. HF, heart failure; PAGln, phenylacetylgutamine; SCFAs, short‐chain fatty acids; TMAO, trimethylamine N‐oxide;
TMAVA, N,N,N‐trimethyl‐5‐aminovaleric acid.
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endothelial dysfunction and inflammation by activating the
ROS–TXNIP–NLRP3 inflammasome [53]. Furthermore,
TMAO activates the NLRP3 inflammasome by inhibition
of the SIRT3–SOD2–mitochondrial ROS signaling path-
way [54].

Furthermore, TMAO alters the oxidation process, leading
to disturbances in energy metabolism. In both mice and
healthy individuals, TMAO accelerates age‐related vascular
oxidative stress and endothelial dysfunction. This is evi-
denced by the associations between TMAO and higher
nitrotyrosine abundance in endothelial cells after biopsy, as
well as oxidative stress‐related dysfunction of endothelium
[57]. Additionally, TMAO could impair β‐oxidation in
cardiac mitochondria, promote cardiac energy metabolism
disturbances, and decrease pyruvate metabolism by
impairing substrate flux, according to another study [55].

Interestingly, TMAO can also affect thermogenesis,
which in turn may promote HF. Brown adipose tissue
(BAT) is known for its thermogenic properties, but it also
performs other functions. Metabolomic analysis has shown
that elevated plasma TMAO levels are related to reduced
BAT thermogenesis [58]. Experiments on mice have also
revealed that TMAO can decrease phosphocreatine and
adenosine triphosphate (ATP) levels in heart tissue by
suppressing activity of mitochondrial complex IV [58].
Moreover, patients with dilated cardiomyopathy have been

found to have elevated TMAO levels and low body
temperature, which is associated with poor prognosis of
HF. This suggests that TMAO may cause dysfunction of
BAT, thus promoting HF [58].

SCFA

SCFAs are saturated aliphatic organic acids composed of
1 to 6 carbon atoms, with acetate (C2), propionate (C3),
and butyrate (C4) being the most abundant (≥95%)
[60, 61]. SCFAs are mainly produced from dietary fiber
by the gut microbiota. Unmetabolized SCFAs would
enter portal circulation, with a small number of SCFAs
reaching the systemic circulation (Figure 3). In failing
hearts, energy starvation occurs due to impaired oxida-
tion of long‐chain fatty acids caused by reduced activity
of carnitine palmitoyltransferase 1 (CPT1) on the outer
mitochondrial membrane. However, studies have re-
ported that SCFAs can bypass CPT1 and provide energy
to the failing heart [24]. SCFAs are transported into
colonocytes by monocarboxylate transporters (MCT),
with MCT1 being the most widely distributed subtype,
in addition to passive distribution [30].

Studies have shown a decrease in SCFA‐producing
bacteria in hypertensive HF rats, which is also observed

FIGURE 3 Metabolism of short‐chain fatty acids (SCFAs). SCFAs are mainly produced from dietary fiber by the gut microbiota and
used as an energy source by the mitochondria. Unmetabolized SCFAs enter portal circulation, and a small amount of SCFAs reach systemic
circulation.
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in CHF patients [39, 62]. Subsequent research into
SCFA subtypes has revealed lower levels of plasma
propionate, butyrate, and isovalerate in HF patients,
while no difference is observed in acetate and valerate
levels [63]. Interestingly, in patients with congestive HF,
higher levels of SCFAs, especially propionate and
butyrate, are associated with better cardiac function [30].

SCFAs play a crucial role in the regulation of
proliferation, differentiation, and functions of intestinal
epithelial cells (IECs) [64]. As the primary energy source
of IECs, butyrate consumes up to 3/4 of oxygen for
human colonocytes and the converted into ketone bodies
[64]. Besides providing energy for healthy cells, butyrate
inhibits the expansion of cancerous cells, which is known
as the Warburg effect or butyrate paradox [65]. The
junctional integrity of IECs could also be promoted by
butyrate [66]. Additionally, SFCA can prevent pathophy-
siological changes in the heart, including cardiac fibrosis,
inflammation, and energy metabolism disturbances.

In both mouse models of hypertensive cardiac damage
and atherosclerosis, propionate has been found to mitigate
cardiac fibrosis, hypertrophy, and vascular dysfunction.
Additionally, SCFAs have been linked with an immune‐
regulatory role, as propionate has been shown to attenuate
systemic inflammation with fewer effector memory T cells
and T helper 17 cells in the spleen, and less severe local
infiltration of cardiac immune cells [67]. In fiber‐depleted
mice, SCFAs have been found to have protective effects on
cardiac hypertrophy and fibrosis, which are mediated by
SCFAs receptors G‐protein‐coupled receptors (GPCR)
43/GPCR109A, and regulated by the level of L‐3,4‐
dihydroxyphenylalanine and DNA‐methylation modulated
regulatory T cells [68].

Inflammation is closely related to endothelial cells,
and these cells cooperate with immune cells in regulating
inflammation, which could be activated by lipopolysac-
charide (LPS) and TNF‐α [69]. Once activated, endothelial
cells can strengthen the inflammatory response [70]. LPS
is a major unit of the Gram‐negative bacteria's cell
wall and could induce inflammation through several
signaling pathways, which can be inhibited by SCFAs via
GPCRs and histone deacetylases (HDACs) [71]. In
general, SCFAs can downregulate pro‐inflammatory cyto-
kines and up‐regulate anti‐inflammatory cytokines. For
instance, by activating free fatty acid receptors, acetate can
reduce the secretion of TNF‐α from mononuclear cells
[72]. Butyrate and propionate can downregulate TNF
expression and nitric oxide synthase (NOS) in neutrophils
induced by LPS [73]. SCFAs also inhibit the generation
of other pro‐inflammatory factors, such as IL‐6, IL‐8,
and MCP‐1 [74, 75], and induce the release of IL‐10,
which functions as an anti‐inflammatory factor, in
monocytes [76]. It is suggested that SCFAs perform their

anti‐inflammatory effects on LPS‐ or TNF‐α‐stimulated
endothelial cells by activating GPCRs 41/43 and inhibiting
HDACs [77]. Apart from SCFAs’ effect in modulating
inflammation, SCFAs can interact with endothelial cells
directly, and their production could improve vascular
endothelial function [78].

SCFAs play a significant role in energy metabolism,
accounting for about 10% of daily energy demand [79].
For colonic epithelium, SCFAs are the primary energy
resource, contributing to approximately 75% of energy
metabolism [80]. Acetate serves as a precursor for hepatic
and adipocyte lipogenesis, while butyrate is associated
with cell growth, differentiation, and mitochondrial
activity, improves insulin sensitivity, prevents obesity
induced by diet without causing hypophagia, and
enhances intestinal barrier function [81, 82]. Propionate,
on the other hand, is a necessary substrate for gluco-
neogenesis and has been shown to reduce food intake and
cholesterol synthesis [81, 83]. SCFAs have been reported
to support the failing heart since they can bypass CPT1
and be used as an energy source [24]. In summary, SCFAs’
metabolic rate is essential to energy balance, and they play
critical roles in various metabolic processes.

Other agents

Change in gut microbiota is a complex process that
interacts with HF in various ways. Besides TMAO and
SCFAs, the gut microbiota also impacts HF through
other agents, including TMAVA, PAGln, and other
molecular actors. TMAVA is produced by the gut
microbiota from trimethyllysine and has been found to
be elevated and associated with an increased risk of
cardiac mortality and transplantation [31]. Studies have
shown that TMAVA can reduce fatty acid oxidation and
promote cardiac hypertrophy in mouse models [31].
PAGln is generated by the gut microbiota and the human
liver and has been identified as a risk factor and
prognostic indicator of HF [84, 85]. It is related to the
presence and severity of HF both clinically and
mechanistically [32]. In an HF mouse model, PAGln
increased the chance of ventricular arrhythmias by
TLR4/AKT/mTOR signaling pathway activation [86].

GUT MICROBIOTA AND HEART
FAILURE INTERVENTIONS/
TREATMENTS

Recent research has highlighted the importance of gut
microbiota in the development and progress of HF. This
has led to the exploration of several dietary interventions,
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including the Dietary Approaches to Stop Hypertension
(DASH) diet and Mediterranean diet, probiotic therapy,
fecal microbiota transplantation, and antibiotics, as
potential treatments for HF (Figure 4). In addition, other
interventions, such as vitamin D, B vitamins, berberine,
and 3,3‐dimethyl‐1‐butanol (DMB), have been investi-
gated for their potential to reduce HF risk by targeting
the gut microbiota. In this section, we will discuss
findings regarding these interventions and their effects
on the gut microbiota in the context of HF.

Dietary interventions

Gut microbiota is closely related to daily diets, and even a
short‐term adjustment of the diet, for only 5 days, is
sufficient to alter the composition of gut microbiota and
induce corresponding changes for adaptation [87]. As the
name suggests, the DASH diet was designed for stopping
hypertension through dietary approaches, and it has

been regarded as an effective dietary intervention in
lowering blood pressure, especially with reduced dietary
sodium [88]. Compared with the daily diet, the DASH
diet is richer in vegetables, fruits, and low‐fat dairy
products [89]. In a cohort study involving 35,004
participants with a median follow‐up period of 22 years,
it was suggested that the DASH diet could lower the risk
of HF [90]. In HF patients, the DASH diet can also
improve 6‐min walking test performance, compliance of
artery, exercise capacity, and quality of life scores
evaluated after an intervention for 3 months [91]. The
Mediterranean diet describes the shared diet pattern
among at least 16 countries bordering the Mediterranean
Sea [92]. Besides being rich in fruits and vegetables,
which is similar to that of the DASH diet, the
Mediterranean diet is also characterized by bread, cereals
of other forms, potatoes, beans, nuts, seeds, olive oil, little
red meat, and low to moderate amounts of dairy
products, fish, poultry and wine [92]. Although the
Mediterranean diet was linked with lower all‐cause

FIGURE 4 Intervention on the gut microbiota in HF. Interventions targeting the gut microbiota in HF include dietary interventions,
such as the Dietary Approaches to Stop Hypertension (DASH) and Mediterranean diets, probiotic therapy, fecal microbiota transplantation,
antibiotics, and other potential approaches.
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mortality in CVD patients, a pre‐specified secondary
analysis from the PREvención con DIeta MEDiterránea
(PREDIMED) trial did not find a significant decrease in
HF incidence [93, 94]. However, further trials are needed
to explore the effects of the Mediterranean diet on HF
patients, as this analysis may not be powerful enough to
provide solid conclusions [94]. In general, the DASH diet
and the Mediterranean diet may assist in the prevention
of HF, but high‐quality evidence is needed to establish
their efficacy [95].

Probiotic therapy

The definition of a probiotic by the Food and Agriculture
Organization of the United Nations and the World
Health Organization (FAO/WHO) has been widely
adopted, which describes a probiotic as “live micro-
organisms that, when administered in adequate
amounts, confer a health benefit on the host” [96].
Pieces of literature have revealed that Lactobacillus
rhamnosus GR‐1 can significantly attenuate hypertrophy
and improve not only the systolic but also the diastolic
function of the left ventricle, preserve LVEF and
fractional shortening after a 6‐week follow‐up, indicating
that probiotic therapy has the potential to attenuate HF
[97]. In CHF patients, a multistrain probiotic has been
reported to reduce sarcopenia and improve functional
capacity by regulating the Wnt signaling pathway [98]. A
randomized, double‐blind, placebo‐controlled pilot trial
targeting HF patients using Saccharomyces boulardii for 3
months showed that it could improve LVEF, shorten left
atrial diameter, and lower total cholesterol and uric acid
levels [99]. Another randomized, triple‐blind, controlled
trial suggested that probiotic yogurt might be helpful in
relieving the inflammatory status in CHF patients by
elevating sTWEAK levels [100]. However, the random-
ized Targeting Gut Microbiota to Treat Heart Failure
(GutHeart) trial found that treatment with Saccharomy-
ces boulardii or rifaximin for 3 months, on top of
standard of care, had no significant effect on LVEF,
diversity of microbiota, or the measured biomarkers in
HFrEF patients [101]. Further research and studies are
needed to figure out the potential effects and underlying
mechanisms of probiotic therapy in HF.

Fecal microbiota transplantation

The procedure of transplanting stools from a healthy
donor into another patient's intestine is known as fecal
microbiota transplantation (FMT) or stool transplantation
[102]. FMT has primarily been used to treat recurrent

Clostridium difficile infection [102, 103]. However, studies
have also focused on the potential of FMT in treating
chronic diseases, and the super‐donor phenomenon has
been observed, indicating that FMT may be more
successful when using feces from specific donors [104].
Nonetheless, FMT can also carry risks, such as importing
viral communities together with the necessary microbiota
[105]. While the potential effects of FMT on HF are not
well studied, it is important to consider both the benefits
and risks associated with the procedure, and FMT may
hold promise as a supplementary treatment for HF.

Antibiotics

The misuse of antibiotics can disrupt an individual's
microbiota and cause harmful effects. However, in
some cases, antibiotics may be helpful since microbial
translocation can cause harmful events. For example,
after an ST‐elevation myocardial infarction, microbial
translocation can induce inflammation and cardiovas-
cular events, which can be alleviated by antibiotics
[106]. Rifaximin is also widely used to treat microbiota
toxicity and translocation by performing anti‐
inflammatory effects and promoting the growth of
bifidobacteria and lactobacillus [107, 108]. Unfortuna-
tely, the effects of antibiotics on gut microbiota in HF
have not been extensively studied. It is important to
remember that antibiotics are a double‐edged sword,
with potential benefits and risks that need to be
carefully weighed.

Other interventions

Evidence implies that high TMAO levels are linked with
a deficiency in vitamin D, indicating that vitamin D may
help reduce TMAO levels in patients [109]. Moreover, a
study has proposed that B vitamins + vitamin D can
cause changes in choline metabolism, resulting in further
lowering of TMAO levels when compared to vitamin D
alone [110]. In addition, oral intake of berberine for
4 months has been shown to decrease TMAO production
in animal intestines and lower TMA and TMAO levels in
both the feces and plasma of patients through vitamin‐
like effects [44]. Furthermore, DMB has been reported to
raise cardiac function and alleviate cardiac remodeling in
HF mice induced by pressure overload by downregulat-
ing plasma TMAO levels, which inhibits the TGF‐β1/
Smad3 and p65 NF‐κB signaling pathway and attenuates
cardiac hypertrophy, fibrosis, and inflammation [111].
Additionally, traditional Chinese medicine (TCM) has
been shown to interact with gut microbiota, as TCM
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regulates metabolism and is metabolized by gut micro-
biota [112].

CONCLUSION

The gut hypothesis of HF highlights the potential of
targeting gut microbiota for the interventions or treat-
ments of HF. The composition and diversity of gut
microbiota are altered in HF, and it produces more
TMAO and fewer SCFAs compared to healthy indivi-
duals. TMAO promotes HF by promoting cardiac
hypertrophy, fibrosis, inflammation, and endothelial
dysfunction, while SCFAs have a protective role by
preventing pathophysiological changes and satisfying
energy metabolism. Other microbiota metabolites like
TMAVA and PAGln may also play a role in HF. Dietary
interventions and probiotic therapy have shown potential
in attenuating HF and improving cardiac function.
However, further research and studies are needed to
determine the effectiveness of FMT and antibiotics in HF
treatment. Overall, the gut microbiota represents a
promising avenue for the development of novel HF
treatments.
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