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Emerging evidence highlights the central role of gut microbiota in maintaining physiological homeostasis
within the host. Disruptions in gut microbiota can destabilize systemic metabolism and inflammation,
driving the onset and progression of cardiometabolic diseases. In heart failure (HF), intestinal dysfunction
may induce the release of endotoxins and metabolites, leading to dysbiosis and exacerbating HF through
the gut-heart axis. Understanding the relationship between gut microbiota and HF offers critical insights
into disease mechanisms and therapeutic opportunities. Current research highlights promising potential
to improve patient outcomes by restoring microbiota balance. In this review, we summarize the current
studies in understanding the gut microbiota-HF connection and discuss avenues for future investigation.
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Introduction

The gut microbiota refers to the diverse community of microorgan-
isms residing in the host’s intestines. These microbes play crucial
roles in various physiological processes and produce metabolites
that enter the bloodstream, influencing the host’s health [1].
Disruptions in the host’s physiological functions or internal homeo-
stasis can disturb this balance, leading to gut microbiota dysregula-
tion and triggering pathological changes in the host.

Heart failure (HF) is a cardiovascular disease characterized by
diminished cardiac output and ranks among the leading causes
of mortality worldwide. Chronic HF patients frequently experi-
ence intestinal dysfunction, including structural abnormalities
and increased permeability, which facilitate the translocation of
gut microbiota, endotoxins, cytokines, and metabolites [2]. For
example, lipopolysaccharide, a potent pro-inflammatory molecule
released by gram-negative bacteria, is elevated in HF patients
compared to that in healthy individuals and plays a critical role
in the systemic inflammation associated with HF. In this review,
we explore the interactions between gut microbiota composition,
microbial secretions, and HE, providing new perspectives on diag-
nosis, treatment, and future research directions for HE

Composition and Function of the Gut Microbiota

The gut microbiota, consisting of over 1,000 bacterial species
within the human gastrointestinal tract, forms a symbiotic
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relationship with the host and plays crucial roles in metabo-
lism, immune function, and overall health [3].

The gut microbiota plays a pivotal role in maintaining intes-
tinal and overall host health by producing and releasing various
secretions. These microbial secretions, including metabolites
and bacteriocins, regulate immune responses by activating pat-
tern recognition receptors and adhering to epithelial surfaces,
thus influencing disease onset and progression [4]. Beyond
bacterial contributions, gut-resident viruses and fungi also affect
immune responses and contribute to central nervous system
disorders, gastrointestinal diseases, and metabolic syndromes
[5,6]. For example, Coxsackievirus promotes the progression of
dilated cardiomyopathy and HF by cleaving immune-response-
related host proteins and activating mitochondrial dysfunction-
mediated pathways that lead to cell death [7]. Formylmethionine,
ametabolite produced by Candida albicans, activates the hypoxia-
inducible factor (HIF)-2a signaling pathway in the gut by
promoting the interaction between HIF-2« and HIF-1f. This
activation thus increases ceramide production and accelerates
atherosclerosis progression [8].

Causality between HF and Gut Microbiota

Gut dysbiosis refers to alterations of the composition and
function of the gut microbiota, triggered by dietary changes,
antibiotic use, and infections [1]. Studies have identified
similar microbiome disruptions in HF patients, suggesting
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a crucial role of the gut microbiota in HF progression and
pathogenesis [9].

Nagatomo and Tang proposed the “gut hypothesis of HF,
which suggests that reduced cardiac output mediates the isch-
emia and disruption of the intestinal mucosa. These changes
increase gut permeability, promote gut dysbiosis, and facilitate
bacterial translocation, collectively contributing to inflamma-
tion in HF [10]. Reduced cardiac output in HF triggers sym-
pathetic vasoconstriction, redirecting blood flow and causing
ischemia in terminal organs, including the intestines [11].
Insufficient blood perfusion in the gut exacerbates barrier
dysfunction, enabling microbiota translocation and leakage
of microbial metabolites. Structurally, patients with HF often
exhibit thickened intestinal walls with edema, accompanied by
increased collagen content in the mucosal walls as HF severity
progresses [12]. This fibrosis results from increased intes-
tinal permeability and ischemia, which trigger inflamma-
tory responses, promote extracellular matrix accumulation,
and stimulate the proliferation of intestinal smooth muscle
cells. Intestinal fibrosis not only leads to stenosis and stiffness
but also impairs the absorption of HF medications, thereby
exacerbating HF progression [13].

Gut-Derived Metabolites and HF

Gut microbiota can stimulate a healthy intestinal tract to release
antimicrobial compounds and competitively secure nutrients
and attachment sites, thereby defending against pathogen inva-
sion and maintaining host physiological balance [14]. However,
the gut microbiome can also disrupt this balance directly or
indirectly by releasing bioactive metabolites. Emerging evi-
dence highlights the critical roles of gut-derived metabolites in
the pathophysiology of HE

Bile acids

Primary bile acids are synthesized in the liver and excreted into
the intestine, where they undergo reabsorption and are trans-
ported back to the liver through enterohepatic circulation [15].
In the terminal ileum and colon, primary bile acids that do not
pass through the enterohepatic circulation are converted into
secondary bile acids by gut microbiota via bile acid hydrolases
and 7a-dehydroxylase [15]. In patients with HE, the ratio of
primary to secondary bile acids is reduced [16]. These altera-
tions can affect the gut microbiome, potentially contributing
to HF progression.

The farnesoid X receptor (FXR) is a nuclear receptor acti-
vated by bile acids. It plays a crucial role in regulating bile acid
synthesis through a negative feedback mechanism by inducing
the intestinal expression of fibroblast growth factor 15 [17].
Additionally, FXR protects cardiovascular health by inhibiting
nuclear factor kappa B, a key driver of inflammation and car-
diac hypertrophy. Therefore, FXR-targeted therapies present a
promising strategy to mitigate HF progression and improve
clinical outcomes (Figure 1A).

Short-chain fatty acids

Gut microbiota promotes fermentation processes that generate
short-chain fatty acids (SCFAs) in the distal intestine, which
are essential for colonic epithelial nutrition. Increased SCFA
levels, particularly butyrate, have been associated with improved
prognosis in individuals with HF [18]. Notably, the restoration
of gut microbial composition contributed to the alleviation of
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inflammation and cardiac dysfunction 12 months after the ini-
tial HF diagnosis. This restoration involved an increase in ben-
eficial bacteria and SCFAs, along with a decrease in pathogenic
bacteria. In a rat model, SCFAs were shown to significantly
alleviate cardiac hypertrophy and fibrosis (Figure 1B) [19].

Trimethylamine N-oxide

Trimethylamine N-oxide (TMAO) is a metabolite produced in
the liver from trimethylamine, which is generated by gut micro-
biota during the digestion of certain nutrients, such as choline,
lecithin, and carnitine [20]. Elevated TMAO levels are associ-
ated with an increased risk of HF [21]. Fecal transplantation
studies have shown that TMAO-induced proatherosclerotic
phenotypes can be transferred through microbial communities
(Figure 1C) [22].

Indole-3-propionic acid

Indole-3-propionic acid (IPA) is a tryptophan-derived metabo-
lite produced by the gut microbe Clostridium sporogenes. We
found that IPA is reduced in heart failure with preserved ejection
fraction (HFpEF) patients and a mouse model of HFpEF com-
pared with that in controls. We further found that IPA supple-
mentation protects against diastolic and metabolic dysfunctions
in HFpEF by attenuating gut microbiota dysbiosis and enhancing
cardiac nicotinamide adenine dinucleotide (NAD) salvage. IPA
increases the protein levels of sirtuin 3 and decreases nicotin-
amide N-methyltransferase. These effects restore nicotinamide
levels, normalize the NAD*/NADH ratio, and protect against
diastolic dysfunction in HFpEF (Figure 1C) [23].

Vitamin B12

Vitamin B12 is a crucial cofactor in the methionine synthase
reaction, which converts homocysteine to methionine. Deficiency
in vitamin B12 leads to increased homocysteine levels in tis-
sues. High homocysteine concentrations can damage endothe-
lial structures and impair autophagy signaling in foam cells,
thereby contributing to insulin resistance, atherosclerosis, and
cardiac hypertrophy, even in the absence of hypercholesterol-
emia (Figure 1C) [24,25].

Vitamin A

Vitamin A (VA) plays a critical role in the development of intes-
tinal immunity, with gut microbiota converting dietary VA into
retinol [26]. Retinol-binding protein 4 (RBP4) is the primary
retinol-binding protein in peripheral blood and is essential for
retinol metabolism and nutrient transport. Additionally, RBP4
regulates the phenotypic transformation of vascular smooth muscle
cells via the Ras homolog family member A/Rho-associated
coiled-coil containing protein kinase 1 (RhoA/ROCK1) signal-
ing pathway in atherosclerosis [27,28]. VA deficiency increases
the risk of cardiovascular diseases, including arteriosclerosis,
hypertension, and HE.

Vitamin K

Menaquinones are the primary forms of vitamin K (VK),
synthesized by intestinal bacteria or obtained through dietary
intake [29]. VK plays a crucial role in regulating oxidative
stress and inflammatory responses by participating in the
y-carboxylation of VK-dependent proteins. Additionally, VK
exerts anti-inflammatory effects by inhibiting nuclear factor-
kappa B signaling and enhancing growth arrest-specific 6/AXL
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Figure 1. Mechanisms of gut microbiota regulation on HF. (A) Bile acids interact with FGF15 to inhibit NF-kB-mediated myocardial inflammation and fibrosis. (B) SCFAs bind to
PRRs and regulate cardiac hypertrophy and fibrosis. (C) The mechanisms underlying gut microbiota-derived TMAO, LPS, vitamin B12, IPA, and IL-22 in HF. (D) A predominantly
vegetarian diet reduces EGR1- and TMAO-mediated cardiac hypertrophy and fibrosis. (E) The interaction between medications and gut microbiota (details shown in Table 1).
HF, heart failure; FGF15, fibroblast growth factor 15; NF-kB, nuclear factor kappa B; SCFAs, short-chain fatty acids; PRRs, pattern recognition receptors; TMAO, trimethylamine
N-oxide; LPS, lipopolysaccharide; IPA, indole-3-propionic acid; IL-22, interleukin 22; EGR1, early growth response 1; NAD, nicotinamide adenine dinucleotide; NADH, reduced

nicotinamide adenine dinucleotide.

receptor tyrosine kinase (Gas6/Axl) signaling, helping to pre-
vent vascular calcification [30]. However, gut microbiota dys-
biosis can impair VK synthesis, promoting vascular smooth
muscle cell calcification, accelerating atherosclerosis progres-
sion, and increasing the risk of hypertension and cardiovas-
cular diseases.

Inflammation-related metabolites

The gut microbiota can maintain the balance of the host immune
system through the production of inflammation-related metabo-
lites. For instance, lipopolysaccharide induces localized intestinal
inflammation and metabolic endotoxemia, producing pro-
inflammatory mediators and activating inflammatory cascades.
These processes contribute to the development and rupture of
atherosclerotic plaques [31]. Conversely, lactobacilli can metabo-
lize dietary tryptophan to stimulate interleukin 22 (IL-22) pro-
duction. IL-22 has been shown to preserve mitochondrial
membrane potential and alleviate cardiomyocyte apoptosis
caused by oxidative stress [32]. Notably, IL-22 supplementation
has been demonstrated to effectively prevent ventricular dys-
function and HF after myocardial infarction (Figure 1C) [33].

Modulating the Gut Microbiota to Improve HF

Aside from host genetics, environmental factors—such as diet,
medications, and medical treatments—make essential sense in
modulating microorganisms. These influences contribute to indi-
vidual variability in disease susceptibility and treatment responses.
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Diet

Fiber and acetate have shown protective effects on gut health by
mitigating dysbiosis (lowering the Firmicutes-to-Bacteroidetes
ratio) and increasing acidogenic Bacteroidetes. Acetate reduces
renal fibrosis by down-regulating early growth response 1, a key
regulator of cardiovascular fibrosis and inflammation in the heart
and kidneys (Figure 1D) [34].

Maternal fiber intake significantly influences offspring gut
microbial gene expression into adulthood, thereby reducing
cardiovascular disease risk. Polyphenols, antioxidant compounds
found in fruits, vegetables, and grains, enhance gut microbiota
diversity and stimulate SCFA production. Diets rich in poly-
phenols help regulate cardiovascular factors, including blood
pressure, endothelial function, and lipid levels [35]. Conversely,
a red-meat-heavy diet elevates plasma TMAO levels, while a
vegan diet effectively reduces them [36]. Western diets high in
saturated fats and sucrose disrupt intestinal barrier function,
leading to elevated TMAO production, endotoxemia, inflam-
mation, and gut barrier dysfunction [37].

Environmental factors

Gut microbiota is highly susceptible to environmental influences,
with both extrinsic and intrinsic factors potentially impairing
their composition and function [38]. Environmental factors
such as heavy metals, pesticides, and artificial sweeteners can
disrupt the gut microbiome. For instance, exposure to these
toxic chemicals alters microbial composition and metabolite
production in mice [39,40]. Heavy metals and pesticides impair
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gut microbiota by disrupting bacterial gene expression and
metabolite secretion involved in neurotransmitter synthesis
[41]. Similarly, artificial sweeteners influence bacterial metabo-
lite pathways, leading to glucose intolerance and promoting
obesity and inflammation [42].

Exercise

Physical exercise is an effective way to maintain health and reduce
the risk of cardiovascular disease [43]. Interestingly, exercise
can also modulate gut microbiota composition, improving
microbiota profiles and increasing the abundance of benefi-
cial species such as Clostridiales, Roseburia, Lachnospiraceae,
Erysipelotrichaceae, Ruminococcaceae, and Eubacteriaceae. These
microbes produce butyrate, which helps lower hypertension by
suppressing the prorenin-receptor-mediated intrarenal renin-
angiotensin system [44]. Additionally, exercise increases the
Bacteroidetes/Firmicutes ratio, elevating SCFA levels and reduc-
ing endotoxemia [45].

Physiological and pathological conditions
Under physiological conditions, the intestinal flora secretes vari-
ous metabolites that regulate host biological activities. However,

pathological conditions, particularly those involving the digestive
system or metabolism, can disrupt the composition of the gut
microbiota and its metabolites, negatively impacting host health.
Inflammatory bowel disease (IBD) leads to dysbiosis and reduced
microbial diversity. In IBD patients, facultative anaerobes and
invasive, adherent Escherichia coli strains proliferate rapidly, and
microbiota transplantation from IBD mice induces bowel inflam-
mation in healthy mice [46]. Similarly, type 2 diabetes and obesity
alter gut microbiota composition, increase circulating inflamma-
tory proteins, and promote chronic inflammation, thereby exac-
erbating cardiovascular risk [47].

Medications
The extensive use of medications can alter the characteristics
of disease-associated microorganisms, while microorganisms
changes influence drug metabolism and host responses [5]. For
instance, Eggerthella lenta can inactivate digoxin, a commonly
used heart medication [48]. Here, we summarize the effects of
commonly used cardiovascular medications on gut microbiota
in Table 1.

The gut microbiome also influences liver enzymes involved in
drug metabolism, affecting circulating drug levels and therapeutic

Table 1. The impact of cardiovascular drugs on gut microbiota and their mechanisms in disease management

Mechanisms underlying the impact of

Cardiovascular drugs

Impact of drugs on gut microbiota

drugs on gut microbiota

Angiotensin Il receptor blockers (ARBs)
[52,53]

Angiotensin-converting enzyme inhibitors
(ACEls) [54]
Calcium channel blockers (CCBs) [55]

Diuretics [56]

Beta blockers [57,58]

Statins [59]

Antiplatelet drugs [60]

Anticoagulant drugs [61]

Mitigate structural damage to both the
vascular and intestinal systems

Improve intestinal barrier function and
reduce inflammatory responses

Bile acid metabolism indirectly regulates
the gut microbiota

Disrupt the balance of water, electrolytes,

acid—base equilibrium, and the gut
microbiota

The gut microbiota plays a crucial role in
regulating the activity of extrinsic
sympathetic neurons within the intestine
Disruptions in bile acid metabolism can
disturb the balance of the gut microbiota

Gut microbiota indirectly influences
coagulation function by regulating
inflammatory responses

Regulate vitamin K metabolites

Inhibit Ang 1I/AT1R signaling, augmenting
ACE2 activation in the Ang-(1-7)/

Mas pathway

Reduce TMA entry into the circulation and
increase SCFA production by improving gut
microbiome health

Suppress mitochondrial calcium and
intestinal bile acid metabolism via the
FXR/TGR5 signaling pathway

Induce gastrointestinal congestion and
intestinal wall edema, resulting in endotox-
emia that triggers inflammatory responses
and oxidative stress

Compromise the intestinal barrier’s
integrity by modulating the brain-gut axis

Reduce the abundance of gut microbiota,
thereby inhibiting the conversion of
chenodeoxycholic acid (CDCA) to
ursodeoxycholic acid (UDCA)

Regulate platelet function and reactivity
through TMAO levels, thereby contributing
to systemic thrombus formation

Inhibit the production of vitamin K by gut
microbiota, leading to disruption in the
synthesis of coagulation factors I, VII, IX,
and X

Ang, angiotensin; AT1R, angiotensin Il receptor type 1; ACE2, angiotensin-converting enzyme 2; TMA, trimethylamine; FXR, farnesoid X receptor; TGR5,

Takeda G protein-coupled receptor 5
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outcomes. A recent study on nearly 1,000 drugs found that 24%
inhibited at least one human gut bacterium in culture, highlighting
the potential for drug interactions mediated by the gut microbiome
(Figure 1E) [49].

Techniques in Gut Microbiome Research

In gut microbiome and cardiovascular research, 16S ribosomal
RNA amplicon sequencing has been instrumental in tracking
microbial shifts associated with disease [50]. Mass spectrom-
etry has advanced the field by facilitating the measurement of
metabolites such as TMAO, carnitine, symmetric dimethylar-
ginine, and amino acids. Techniques like immunohistochem-
istry, in vitro impedance measurements, and enzyme-linked
immunosorbent assays have enhanced our understanding of
the gut barrier’s role in HE RNA sequencing has provided valu-
able insights into TMAO’s contribution to abdominal aortic
aneurysm formation [2,51]. Moreover, fecal microbiota trans-
plantation (FMT) studies have shown improvements in cardiac
function and reduced intestinal damage, indicating the strong
connection between gut health and heart function. The current
techniques used in gut microbiome research are outlined in
Table 2.

Modulating the Gut Microbiome for HF
Improvement: Challenges and Prospects

Current evidence highlights the gut microbiome’s significant
role in modulating HF progression, although its full therapeutic

potential has yet to be realized. This uncertainty primarily due
to the variability in microbial populations and individual host

Table 2. Techniques in gut microbiome research

differences, leading to ambiguous standards for the personal-
ized modulation of the gut microbiome. This emphasizes the
necessity of individualized and targeted approaches in micro-
biome adjustment. Future studies should therefore focus on
assessing how HF medications affect gut microbial populations
and metabolites, as well as identifying targeted microbial inter-
ventions to enhance HF outcomes. This approach could lay a
strong foundation for integrating microbiome modulation with
existing HF treatments, optimizing therapeutic efficacy.

Most research to date has examined correlations between pro-
biotic intake and HF phenotypes, but relatively few studies have
explored how prebiotic or probiotic interventions specifically
alter the microorganism flora and function. This gap suggests
that microbiomes may influence HF treatment outcomes, war-
ranting further investigation into the underlying mechanisms.

Additionally, factors such as HF classification, disease stage,
comorbid conditions, dietary habits, drug interactions, physical
health, and psychological status should be considered when
modulating the gut microbiome for HF patients. These consid-
erations could help develop more individualized treatment
strategies. Given that current research primarily involves ani-
mal models, which may not capture the complexity and het-
erogeneity of human HF—including its comorbidities, diverse
etiologies, and lifestyle variations—there is an urgent need for
well-designed, large-scale, prospective cohort studies to pro-
vide strong, evidence-based medical insights.

Concluding Remarks

Integrating traditional HF therapies with innovative gut micro-
biome modulation offers a promising therapeutic direction.

Techniques Advantages

Limitations

16S rRNA amplicon sequence [62,63]

Mass spectrometry [63]

Immunohistochemistry

ELISA

RNA sequencing

Fecal microbiota transplantation (FMT)
[64,65]

High-throughput, species-level analysis of
microbial communities

High sensitivity and specificity in metabo-
lite detection, comprehensive compound
analysis, and rapid, automated high-
throughput capabilities

Identifies bacterial species in complex gut
environments and visualizes microbial
spatial distribution and host interactions
Quantitative analysis for measuring
specific proteins and metabolites, offering
versatility in detecting a wide range of
targets

Provides insights into active gene expres-
sion and dynamic changes within the gut
microbiota

FMT introduces diverse microbes and
provides a nonpharmacological alternative
to drug therapies

Limited resolution in distinguishing closely
related species, potential PCR biases,
sequencing errors, and contamination from
host DNA

Large biomolecules, without tandem
techniques, pose challenges in data
interpretation due to the complex chemical
diversity of the gut microbiome

Narrow detection range, risk of false
positives, complex sample preparation, and
subjective interpretation

Cross-reactivity causing false positives and
a limited detection range for comprehen-
sive microbial analysis

rRNA contamination; detects only actively
transcribed genes and provides limited
information on nonexpressed genes
Varied FMT efficacy, challenging donor
selection, invasive methods, and uncertain
long-term safety and risks

rRNA, ribosomal RNA; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay
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However, applying these strategies in clinical practice remains
challenging due to individual patient differences and varying
HF pathophysiology. Continued research into the biological mech-
anisms connecting gut microbiota with HF therapies is essential,
as it may yield new biomarkers and more effective treatment pro-
tocols that enhance patient quality of life and clinical outcomes.
As evidence grows, this integrative approach has the potential to
transform HF management, providing more personalized and
effective interventions tailored to patient-specific needs.

Acknowledgments

Funding: This project is supported by the National Natural Science
Foundation of China (82470385 to Y.C.), the Fundamental
Research Funds for the Central Universities (WK9100000064
to Y.C.), and the Natural Science Foundation of Anhui Province
(2408085QH264 t0 S.S.).

Author contributions: Y.C. and S.S. conceptualized this manu-
script. B.T., H.Z., Y.-C.W,, and T. L. contributed to the writing.
Y.C. and S.S. jointly reviewed the manuscript and provided
funding.

Competing interests: The authors declare that they have no
competing interests.

References

1. Thursby E, Juge N. Introduction to the human gut microbiota.
Biochem ]. 2017;474(11):1823-1836.

2. Otto CM, Rahimi K. Heartbeat: The gut microbiota and heart
failure. Heart. 2016;102(11):811-812.

3. Jain H, Marsool MDM, Goyal A, Sulaiman SA, Fatima L,
Idrees M, Sharma B, Borra V, Gupta P, Nadeem A, et al.
Unveiling the relationship between gut microbiota and heart
failure: Recent understandings and insights. Curr Probl
Cardiol. 2024;49:Article 102179.

4. NiJ, Wu GD, Albenberg L, Tomov VT. Gut microbiota and
IBD: Causation or correlation? Nat Rev Gastroenterol Hepatol.
2017;14(10):573-584.

5. Wu H, Esteve E, Tremaroli V, Khan MT, Caesar R,
Manneras-Holm L, Stdhlman M, Olsson LM, Serino M,
Planas-Felix M, et al. Metformin alters the gut microbiome
of individuals with treatment-naive type 2 diabetes,
contributing to the therapeutic effects of the drug. Nat Med.
2017;23(7):850-858.

6. ZhaoY, Ma S, Liang L, Cao S, Fan Z, He D, Shi X, Zhang Y,
Liu B, Zhai M, et al. Gut microbiota—metabolite-brain axis
reconstitution reverses sevoflurane-induced social and synaptic
deficits in neonatal mice. Research. 2024;7:Article 0482.

7. Yip E Lai B, Yang D. Role of Coxsackievirus B3-induced
immune responses in the transition from myocarditis to
dilated cardiomyopathy and heart failure. Int ] Mol Sci.
2023;24(9):Article 7717.

8. Wang X, Zhou S, Hu X, Ye C, Nie Q, Wang K, Yan §, Lin J,
Xu E Li M, et al. Candida albicans accelerates atherosclerosis
by activating intestinal hypoxia-inducible factor2a signaling.
Cell Host Microbe. 2024;32(6):964-979.e7.

9. Sun W, Du D, Fu T, Han Y, Li P, Ju H. Alterations of the gut
microbiota in patients with severe chronic heart failure. Front
Microbiol. 2022;12:Article 813289.

10. Nagatomo Y, Tang WW. Intersections between microbiome
and heart failure: Revisiting the gut hypothesis. ] Card Fail.
2015;21(12):973-980.

Shen et al. 2025 | https://doi.org/10.34133/research.0610

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Triposkiadis F, Karayannis G, Giamouzis G, Skoularigis J,
Louridas G, Butler J. The sympathetic nervous system in heart
failure physiology, pathophysiology, and clinical implications.
J Am Coll Cardiol. 2009;54(19):1747-1762.

Sandek A, Bauditz ], Swidsinski A, Buhner S, Weber-Eibel J,
von Haehling S, Schroedl W, Karhausen T, Doehner W,
Rauchhaus M, et al. Altered intestinal function in patients with
chronic heart failure. J] Am Coll Cardiol. 2007;50(16):1561-1569.
Sundaram V, Fang JC. Gastrointestinal and liver issues in heart
failure. Circulation. 2016;133(17):1696-1703.

Maynard CL, Elson CO, Hatton RD, Weaver CT. Reciprocal
interactions of the intestinal microbiota and immune system.
Nature. 2012;489(7415):231-241.

Poland JC, Flynn CR. Bile acids, their receptors, and the gut
microbiota. Physiology. 2021;36(4):235-245.

Topping DL, Clifton PM. Short-chain fatty acids and human
colonic function: Roles of resistant starch and nonstarch
polysaccharides. Physiol Rev. 2001;81(3):1031-1064.

Purcell NH, Tang G, Yu C, Mercurio F, DiDonato JA, Lin A.
Activation of NF-kB is required for hypertrophic growth of
primary rat neonatal ventricular cardiomyocytes. Proc Natl
Acad Sci USA. 2001;98(12):6668-6673.

Modrego J, Ortega-Hernandez A, Goirigolzarri J,
Restrepo-Cordoba MA, Bauerl C, Cortés-Macias E,
Sanchez-Gonzélez S, Esteban-Fernandez A, Pérez-Villacastin J,
Collado MC, et al. Gut microbiota and derived short-chain
fatty acids are linked to evolution of heart failure patients.
Int ] Mol Sci. 2023;24(18):Article 12892.

Bartolomaeus H, Balogh A, Yakoub M, Homann S, Marké L,
Hoges S, Tsvetkov D, Krannich A, Wundersitz S, Avery EG,

et al. Short-chain fatty acid propionate protects from
hypertensive cardiovascular damage. Circulation.
2019;139(11):1407-1421.

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS,

DuGar B, Feldstein AE, Britt EB, Fu X, Chung YM, et al.

Gut flora metabolism of phosphatidylcholine promotes
cardiovascular disease. Nature. 2011;472(7341):57-63.
ZhaoY, Yang N, Gao ], Li H, Cai W, Zhang X, Ma Y, Niu X,
Yang G, Zhou X, et al. The effect of different L-carnitine
administration routes on the development of atherosclerosis in
ApoE knockout mice. Mol Nutr Food Res. 2018;62(5):

Article 1700299 10.1002/mnfr.201700299.

Gregory JC, Buffa JA, Org E, Wang Z, Levison BS, Zhu W,
Wagner MA, Bennett BJ, Li L, DiDonato JA, et al.
Transmission of atherosclerosis susceptibility with gut
microbial transplantation. J Biol Chem. 2015;290(9):
5647-5660.

Wang Y-C, Koay YC, Pan C, Zhou Z, Tang W, Wilcox J, Li XS,
Zagouras A, Marques F, Allayee H, et al. Indole-3-propionic
acid protects against heart failure with preserved ejection
fraction. Circ Res. 2024;134(4):371-389.

Tehlivets O, Almer G, Brunner MS, Lechleitner M,

Sommer G, Kolb D, Leitinger G, Diwoky C, Wolinski H,
Habisch H, et al. Homocysteine contributes to atherogenic
transformation of the aorta in rabbits in the absence of
hypercholesterolemia. Biomed Pharmacother. 2024;178:
Article 117244.

Ding N, Ma S, Chang Q, Xie L, Li G, Hao Y, Xiong J,

Yang A, Yang X, Jiang Y, et al. Novel long noncoding IncARF
mediated hyperhomocysteinemia-induced atherosclerosis via
autophagy inhibition in foam cells. ] Adv Res. 2024; 10.1016/].
jare.2024.08.030.


https://doi.org/10.34133/research.0610
http://10.1016/j.jare.2024.08.030
http://10.1016/j.jare.2024.08.030

Research

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bonakdar M, Czuba LC, Han G, Zhong G, Luong H,
Isoherranen N, Vaishnava S. Gut commensals expand vitamin
A metabolic capacity of the mammalian host. Cell Host
Microbe. 2022;30(8):1084-1092.¢5.

Krivospitskaya O, Elmabsout AA, Sundman E, Soderstrom LA,
Ovchinnikova O, Gidlof AC, Scherbak N, Norata GD,
Samnegard A, Térméd H, et al. A CYP26B1 polymorphism
enhances retinoic acid catabolism and may aggravate
atherosclerosis. Mol Med. 2012;18(1):712-718.

Zhou W, Yuan X, Li ], Wang W, Ye S. Retinol binding protein
4 promotes the phenotypic transformation of vascular
smooth muscle cells under high glucose condition via
modulating RhoA/ROCKI1 pathway. Transl Res. 2023;259:
13-27.

Ellis JL, Karl JP, Oliverio AM, Fu X, Soares JW, Wolfe BE,
Hernandez CJ, Mason JB, Booth SL. Dietary vitamin K is
remodeled by gut microbiota and influences community
composition. Gut Microbes. 2021;13(1):1-16.

Shioi A, Morioka T, Shoji T, Emoto M. The inhibitory roles of
vitamin K in progression of vascular calcification. Nutrients.
2020;12(2):Article 583.

Manco M, Putignani L, Bottazzo GE Gut microbiota,
lipopolysaccharides, and innate immunity in the pathogenesis
of obesity and cardiovascular risk. Endocr Rev. 2010;31(6):
817-844.

Che Y, Tian Y, Chen R, Xia L, Liu F, Su Z. IL-22 ameliorated
cardiomyocyte apoptosis in cardiac ischemia/reperfusion
injury by blocking mitochondrial membrane potential
decrease, inhibiting ROS and cytochrome C. Biochim Biophys
Acta Mol Basis Dis. 2021;1867(9):Article 166171.

Tang T-T, Li YY, LiJJ, Wang K, Han Y, Dong WY, Zhu ZF,

Xia N, Nie SE, Zhang M, et al. Liver-heart crosstalk controls
IL-22 activity in cardiac protection after myocardial infarction.
Theranostics. 2018;8(16):4552-4562.

Marques FZ, Nelson E, Chu PY, Horlock D, Fiedler A,
Ziemann M, Tan JK, Kuruppu S, Rajapakse NW, el-Osta A,

et al. High-fiber diet and acetate supplementation change the
gut microbiota and prevent the development of hypertension
and heart failure in hypertensive mice. Circulation.
2017;135(10):964-977.

Lockyer S, Rowland I, Spencer JPE, Yaqoob P, Stonehouse W.
Impact of phenolic-rich olive leaf extract on blood pressure,
plasma lipids and inflammatory markers: A randomised
controlled trial. Eur | Nutr. 2017;56(4):1421-1432.

Wang Z, Bergeron N, Levison BS, Li XS, Chiu §, Jia X,

Koeth RA, Li L, Wu Y, Tang WHW, et al. Impact of chronic
dietary red meat, white meat, or non-meat protein on
trimethylamine N-oxide metabolism and renal excretion in
healthy men and women. Eur Heart J. 2019;40(7):583-594.
Chen K, Zheng X, Feng M, Li D, Zhang H. Gut microbiota-
dependent metabolite trimethylamine N-oxide contributes to
cardiac dysfunction in Western diet-induced obese mice.
Front Physiol. 2017;8:Article 139.

Schmidt TS, Raes J, Bork P. The human gut microbiome: From
association to modulation. Cell. 2018;172(6):1198-1215.

Chi L, Gao B, Bian X, Tu P, Ru H, Lu K. Manganese-induced
sex-specific gut microbiome perturbations in C57BL/6 mice.
Toxicol Appl Pharmacol. 2017;331:142-153.

Gao B, Chi L, Mahbub R, Bian X, Tu P, Ru H, Lu K. Multi-
omics reveals that lead exposure disturbs gut microbiome
development, key metabolites, and metabolic pathways. Chem
Res Toxicol. 2017;30(4):996-1005.

Shen et al. 2025 | https://doi.org/10.34133/research.0610

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Slotkin TA, Ryde IT, Levin ED, Seidler FJ. Developmental
neurotoxicity of low dose diazinon exposure of neonatal rats:
Effects on serotonin systems in adolescence and adulthood.
Brain Res Bull. 2008;75(5):640-647.

Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA,
Maza O, Israeli D, Zmora N, Gilad S, Weinberger A, et al.
Artificial sweeteners induce glucose intolerance by altering the
gut microbiota. Nature. 2014;514(7521):181-186.

Tian D, Meng J. Exercise for prevention and relief of
cardiovascular disease: Prognoses, mechanisms, and
approaches. Oxidative Med Cell Longev. 2019;2019:

Article 3756750.

Motiani KK, Collado MC, Eskelinen J-J, Virtanen KA,
Loyttyniemi E, Salminen S, Nuutila P, Kallioloski KK,
Hannukainen JC. Exercise training modulates gut microbiota
profile and improves endotoxemia. Med Sci Sports Exerc.
2019;52(1):94-104.

Sohail MU, Yassine HM, Sohail A, Thani AA. Impact of
physical exercise on gut microbiome, inflammation, and

the pathobiology of metabolic disorders. Rev Diabet Stud.
2019;15:35-48.

Glassner KL, Abraham BP, Quigley EM. The microbiome
and inflammatory bowel disease. ] Allergy Clin Immunol.
2020;145(1):16-27.

Niewczas MA, Pavkov ME, Skupien ], Smiles A, Md Dom ZI,
Wilson JM, Park ], Nair V, Schlafly A, Saulnier PJ, et al.

A signature of circulating inflammatory proteins and
development of end-stage renal disease in diabetes. Nat Med.
2019;25(5):805-813.

Haiser HJ, Gootenberg DB, Chatman K, Sirasani G,

Balskus EP, Turnbaugh PJ. Predicting and manipulating
cardiac drug inactivation by the human gut bacterium
Eggerthella lenta. Science. 2013;341(6143):295-298.

Maier L, Pruteanu M, Kuhn M, Zeller G, Telzerow A,
Anderson EE, Brochado AR, Fernandez KC, Dose H, Mori H,
et al. Extensive impact of non-antibiotic drugs on human gut
bacteria. Nature. 2018;555:623-628.

AnL, Wuri ], Zheng Z, Li W, Yan T. Microbiota modulate
doxorubicin induced cardiotoxicity. Eur ] Pharm Sci.
2021;166:Article 105977.

Benson TW, Conrad KA, Li XS, Wang Z, Helsley RN,
Schugar RC, Coughlin TM, Wadding-Lee C, Fleifil S,

Russell HM, et al. Gut microbiota-derived trimethylamine
N-oxide contributes to abdominal aortic aneurysm through
inflammatory and apoptotic mechanisms. Circulation.
2023;147(14):1079-1096.

LiJ, Wang SY, Yan KX, Wang P, Jiao J, Wang YD, Chen ML,
Dong Y, Zhong JC. Intestinal microbiota by angiotensin
receptor blocker therapy exerts protective effects against
hypertensive damages. Iimeta. 2024;3(4):Article €222.
Penninger JM, Grant MB, Sung JJ. The role of angiotensin
converting enzyme 2 in modulating gut microbiota, intestinal
inflammation, and coronavirus infection. Gastroenterology.
2021;160(1):39-46.

Jaworska K, Huc T, Samborowska E, Dobrowolski L,
Bielinska K, Gawlak M, Ufnal M. Hypertension in rats

is associated with an increased permeability of the

colon to TMA, a gut bacteria metabolite. PLOS ONE.
2017;12(12):Article €0189310.

Collins SL, Stine JG, Bisanz JE, Okafor CD, Patterson AD.
Bile acids and the gut microbiota: Metabolic interactions and
impacts on disease. Nat Rev Microbiol. 2023;21(4):236-247.


https://doi.org/10.34133/research.0610

Research

56.

57.

58.

59.

60.

Tang WW, Li DY, Hazen SL. Dietary metabolism, the

gut microbiome, and heart failure. Nat Rev Cardiol.
2019;16(3):137-154.

Saha PP, Gogonea V, Sweet W, Mohan ML, Singh KD,
Anderson JT, Mallela D, Witherow C, Kar N, Stenson K,

et al. Gut microbe-generated phenylacetylglutamine is an
endogenous allosteric modulator of f2-adrenergic receptors.
Nat Commun. 2024;15(1):Article 6696.

Muller PA, Schneeberger M, Matheis F, Wang P, Kerner Z,
Ilanges A, Pellegrino K, del Marmol J, Castro TBR,

Furuichi M, et al. Microbiota modulate sympathetic
neurons via a gut-brain circuit. Nature. 2020;583(7816):
441-446.

She J, Tuerhongjiang G, Guo M, Liu J, Hao X, Guo L, Liu N,
Xi W, Zheng T, Du B, et al. Statins aggravate insulin resistance
through reduced blood glucagon-like peptide-1 levels in a
microbiota-dependent manner. Cell Metab. 2024;36(2):
408-421.e5.

Roberts AB, Gu X, Buffa JA, Hurd AG, Wang Z, Zhu W,
Gupta N, Skye SM, Cody DB, Levison BS, et al. Development
of a gut microbe-targeted nonlethal therapeutic to inhibit
thrombosis potential. Nat Med. 2018;24(9):1407-1417.

Shen et al. 2025 | https://doi.org/10.34133/research.0610

61.

62.

63.

64.

65.

Schétt U, Augustsson C, Lilover L, Nilsson CU, Walther-
Sturesson L, Kander T. Vitamin K effects on Gas6 and soluble
Axl receptors in intensive care patients: An observational
screening study. Nutrients. 2021;13(11):Article 4101.

Matsuo Y, Komiya S, Yasumizu Y, Yasuoka Y, Mizushima K,
Takagi T, Kryukov K, Fukuda A, Morimoto Y, Naito Y, et al.
Full-length 16S rRNA gene amplicon analysis of human gut
microbiota using MinlON™ nanopore sequencing confers
species-level resolution. BMC Microbiol. 2021;21(1):Article 35.
Gupta S, Mortensen MS, Schjorring S, Trivedi U,

Vestergaard G, Stokholm J, Bisgaard H, Krogfelt KA,
Serensen SJ. Amplicon sequencing provides more accurate
microbiome information in healthy children compared to
culturing. Commun Biol. 2019;2:Article 291.

Yadegar A, Bar-Yoseph H, Monaghan TM, Pakpour S,
Severino A, Kuijper EJ, Smits WK, Terveer EM,

Neupane S, Nabavi-Rad A, et al. Fecal microbiota
transplantation: Current challenges and future landscapes.
Clin Microbiol Rev. 2024;37(2):Article e0006022.

Tian H, Wang X, Fang Z, Li L, Wu C, Bi D, Li N, Chen Q, Qin H.
Fecal microbiota transplantation in clinical practice: Present
controversies and future prospects. hLife. 2024;2(6):269-283.


https://doi.org/10.34133/research.0610

	Heart Failure and Gut Microbiota: What Is Cause and Effect?
	Introduction
	Composition and Function of the Gut Microbiota
	Causality between HF and Gut Microbiota
	Gut-Derived Metabolites and HF
	Bile acids
	Short-chain fatty acids
	Trimethylamine N-oxide
	Indole-3-propionic acid
	Vitamin B12
	Vitamin A
	Vitamin K
	Inflammation-related metabolites

	Modulating the Gut Microbiota to Improve HF
	Diet
	Environmental factors
	Exercise
	Physiological and pathological conditions
	Medications

	Techniques in Gut Microbiome Research
	Modulating the Gut Microbiome for HF Improvement: Challenges and Prospects
	Concluding Remarks
	Acknowledgments
	References


