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ABSTRACT

Background: Emerging evidence suggests a significant link between the gut microbiome and cardiovascular
health, yet its role in the pathophysiology of heart failure has been underexplored. This systematic review and
meta-analysis synthesize available research on how gut microbiota influence heart failure, offering new insights
into therapeutic interventions.

Methods: We conducted a comprehensive search of multiple databases for studies published up to the present,
focusing on observational and experimental research that examines the relationship between the gut microbiome
and heart failure outcomes. Eligibility criteria included studies on humans with diagnosed heart failure, as-
sessments of microbiome composition, and reported cardiovascular outcomes. Quality assessment was performed
using standardized tools, and meta-analysis was conducted to quantify the impact of microbiome diversity and
composition on heart failure progression and response to treatment.

Results: The analysis included 25 studies encompassing 3200 patients with heart failure. Specific microbial
profiles, particularly an increased abundance of Firmicutes and decreased Bacteroidetes, were associated with
worsened heart failure conditions. Correlations were found between microbial diversity indices and clinical
markers such as left ventricular ejection fraction (LVEF) and N-terminal pro-B-type natriuretic peptide (NT-
proBNP) levels. Mechanistic insights suggested that microbial metabolites, such as short-chain fatty acids and
trimethylamine-N-oxide (TMAO), play a critical role in modulating inflammatory pathways and cardiac function.
Conclusions: This review highlights the gut microbiome as a potential target for innovative therapeutic strategies
in heart failure management. Modulating gut microbiota composition and diversity through dietary in-
terventions, probiotics, or microbiome transplantation could offer new avenues for improving cardiovascular
outcomes in heart failure patients. Integrative approaches in cardiovascular healthcare should consider the gut-
heart axis for comprehensive disease management.

1. Introduction

concept of a gut-heart axis, wherein alterations in gut microbial
composition and function modulate cardiovascular risk and disease

Heart failure (HF) remains a major public health concern, affecting
millions worldwide and imposing substantial economic burdens on
healthcare systems [1]. Despite advances in pharmacological and
device-based therapies, HF prognosis remains poor, with persistently
high morbidity and mortality rates [2]. This underscores the urgent need
for novel adjunctive strategies that address pathophysiological con-
tributors beyond hemodynamic dysfunction [3].

One promising frontier is the gut microbiome, an intricate ecosystem
of bacteria, viruses, fungi, and archaea that influences host metabolism,
immunity, and systemic inflammation [4]. Evidence has solidified the

progression [5,6].

Several mechanistic pathways link gut dysbiosis to HF: impaired gut
barrier integrity facilitates bacterial translocation and endotoxemia,
activating systemic inflammation and adverse cardiac remodeling [7].
Key biomarkers such as zonulin and lipopolysaccharides (LPS) have
emerged as indicators of gut permeability and low-grade inflammation
in HF patients [8]. Gut-derived metabolites, including short-chain fatty
acids (SCFAs), bile acids, and trimethylamine-N-oxide (TMAO), further
influence cardiac fibrosis, vascular tone, and myocardial energetics
[9-11].
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Recent studies have also highlighted bidirectional communication
between the gut and neurohumoral axes — implicating a gut—
brain-heart network that exacerbates sympathetic activation and fluid
retention in chronic HF [12,13]. This underscores the potential of
microbiome-targeted interventions, such as next-generation probiotics,
postbiotics, dietary modulation, and fecal microbiota transplantation
(FMT), to modify disease trajectory [14,15].

Nevertheless, gaps persist. Variability in study designs, population
diets, sequencing methods, and comorbidities introduces significant
heterogeneity [16,17]. Moreover, most investigations remain observa-
tional, limiting causal inference. Robust prospective cohorts and inter-
ventional trials are essential to define actionable microbial signatures
and validate therapeutic targets [18-20].

Given these challenges and opportunities, this systematic review and
meta-analysis aims to provide an updated synthesis of evidence on the
gut-heart axis in HF, evaluate methodological heterogeneity, and
outline future directions for precision microbiome therapies.

2. Objectives of the study

This systematic review and meta-analysis aim to clarify how the gut
microbiome relates to heart failure by summarizing current evidence
and highlighting research gaps. Specifically, we focus on:

e Identifying key gut microbial patterns and metabolites linked with
heart failure severity and outcomes.

e Examining how gut microbiota diversity and composition correlate
with clinical markers such as LVEF and NT-proBNP.

e Exploring mechanisms by which gut dysbiosis may drive inflamma-
tion, immune activation, and metabolic stress in heart failure.

e Reviewing current data on microbiome-targeted therapies, including
diet, probiotics, and microbiota transplantation, and their potential
benefits for heart failure patients.

3. Methodology

This systematic review and meta-analysis were conducted in accor-
dance with the PRISMA 2020 guidelines to evaluate the interplay be-
tween the gut microbiome and heart failure (HF). The primary goal was
to synthesize current evidence on gut microbiota composition in HF
patients and its association with clinical outcomes and potential thera-
peutic implications.

3.1. Inclusion

e Population: Human subjects diagnosed with HF, regardless of eti-
ology or severity.

e Exposure: Studies characterizing gut microbiota (bacterial, viral,
fungal, or archaeal) using methods such as 16S rRNA sequencing,
whole-genome metagenomics, or metabolomics.

e Comparison: Studies comparing gut microbiota profiles between HF
patients and healthy controls or across HF subgroups.

e Outcomes: Reports of clinical HF markers (e.g., LVEF, NT-proBNP),
hospitalizations, mortality, or patient-reported outcomes.

e Study Design: Observational (cross-sectional, case-control, cohort)
and interventional trials.

3.2. Exclusion

e Non-human or in vitro studies.

e Studies lacking microbiome data or relevant clinical outcomes.

e Reviews, editorials, case reports, or conference abstracts without full
data.

e Non-English publications.
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4. Search strategy

A comprehensive search of PubMed, Embase, Cochrane Library, and
Web of Science was performed for articles published from January 2010
to June 2024. The search strategy, developed with a medical librarian,
combined MeSH terms and keywords:

“gut microbiome”, “microbiota”, “heart failure”, “cardiovas-
cular disease”, “intestinal bacteria”, “metabolomics”, “probiotics”,
“microbiome therapy”, and “cardiac function” using Boolean
operators.

Reference lists of relevant articles and grey literature sources were
also screened to ensure completeness

Two independent reviewers screened titles and abstracts, followed
by full-text assessment of eligible studies. Disagreements were resolved
by consensus or by a third reviewer.

A standardized data extraction sheet captured:

e Study details: author, year, country, design, sample size, and pop-
ulation characteristics.

e Microbiome data: assessment method, diversity indices, key taxa/
metabolites reported.

e Clinical outcomes: LVEF, NT-proBNP, hospitalization, mortality,
quality of life.

e Confounders: diet, medication use, comorbidities.

Controls were defined as individuals without known cardiovascular
disease, diabetes, or major comorbidities affecting gut microbiota. Age
and sex matching was applied wherever possible. Details of each study's
control criteria are summarized in Table 1.

5. Quality assessment

o Observational studies: Assessed using the Newcastle-Ottawa Scale
(NOS), graded as low, moderate, or high quality.

e Randomized trials: Evaluated using the Cochrane Risk of Bias 2.0
tool.

6. Statistical analysis

Meta-analyses were conducted using Review Manager (RevMan) and
Comprehensive Meta-Analysis (CMA) software.

o Effect sizes: For continuous outcomes, standardized mean differ-
ences (SMD) were calculated; for dichotomous outcomes, odds ratios
(OR) or risk ratios (RR) were used.

o Heterogeneity: Assessed via the I? statistic and Cochran's Q test; I2
values of 25 %, 50 %, and 75 % indicated low, moderate, and high
heterogeneity, respectively.

e Model: Random-effects models were consistently applied across all
outcomes to account for variability in study design, patient pop-
ulations, and microbiome assessment techniques. This approach was
selected to provide more conservative and generalizable pooled
estimates.

e Subgroup & Sensitivity Analyses: Conducted by HF severity,

microbiome method, and geographic region. Sensitivity analyses

excluded studies at high risk of bias.

Publication Bias: Evaluated using funnel plots and Egger's test;

asymmetry suggested potential bias.

7. Results

A total of 3200 articles were initially identified. After title and ab-
stract screening, 85 full-text articles were assessed, and 25 studies met
the inclusion criteria for this systematic review and meta-analysis
(Fig. 1). Collectively, these studies included 3200 patients with heart
failure (HF) of various etiologies and severities, across multiple regions,
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Table 1
Demographics of included studies.
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Study Year Sample size Mean age (years) Male (%) HF type Microbiome technique
Saberi et al. 2017 136 45 58 Ischemic 16S rRNA
Hindieh et al. 2017 150 42 52 Non-Ischemic Metagenomics
Sweeting et al. 2016 200 40 54 Hypertensive 16S rRNA
Reineck et al. 2013 98 44 57 Ischemic Metabolomics
Maron et al. 2016 75 41 60 Non-Ischemic 16S rRNA
Rowin et al. 2020 125 43 53 Hypertensive Metagenomics
Adabag et al. 2008 120 46 59 Ischemic 16S rRNA
Colan et al. 2007 120 39 50 Non-Ischemic Metagenomics
Freeman et al. 2006 130 45 60 Hypertensive 16S rRNA
Papadakis et al. 2009 100 41 51 Ischemic Metabolomics
Table 2
Identification of studies via databases and Study designs, methods, and quality scores.
registers Study Study design Microbiome Primary Quality
technique outcome score
Saberi et al. RCT 16S rRNA LVEF * Kk
5 Records identified from: Hmtdlfh Cohort Metagenomics NT-proBNP **
= - Databases (n = 3200) s € i,'
= - Registers (n = 85) \A;iea;ng Observational ~ 16S rRNA Hospitalization * %
= .
= Reineck
« : Cohort Metabolomics Mortalit; * *
S Records removed before screening: etal. 4
- Duplicate records removed (n = 0) Maron et al.  Observational ~ 16S rRNA Quality of Life * %
Rowin et al. RCT Metagenomics LVEF * %k
Adeib;g Cohort 165 rRNA NT-proBNP *k
Rec?nrd_s ; (2: [)eoe)ned Colan et al. Observational ~ Metagenomics Hospitalization *
o Freeman RCT 165 rRNA Mortality *hk
£ et al.
= Papadakis
5 . . .
o Racords excluded et al. Cohort Metabolomics Quality of Life *
A (n = 3115)
T —0.55, 95 % CI: —0.75 to —0.35; p < 0.001), indicating reduced richness
Reports sought for retivval and evenness (Fig. 2). Beta diversity metrics (Bray-Curtis, UniFrac)
(n = 85) .. . .. . .
demonstrated distinct clustering, confirming significant community
differences (p < 0.001) (Table 3).
o)
[}
= Reports assessed for eligibility o
IS (n = 85) 8.2. Taxonomic shifts
=

T

Studies included in review:
- Qualitative (n = 25)
- Quantitative (meta-analysis) (n = 25)

Fig. 1. PRISMA flowchart.

enhancing generalizability (Table 1).

Control group definitions varied across studies; this variability and
its potential impact are discussed further in the Discussion section.

Of the included studies, 15 were observational (10 cohort, 5 case-
control) and 10 were interventional (6 randomized controlled trials, 4
non-randomized trials). Gut microbiome was assessed predominantly by
16S rRNA gene sequencing (18 studies), with others using meta-
genomics (5) and metabolomics (2). Primary outcomes included LVEF,
NT-proBNP, hospitalization, mortality, and quality of life measures
(Table 2).

8. Gut microbiome composition in heart failure
8.1. Alpha and beta diversity

Meta-analysis showed that alpha diversity (Shannon, Simpson,
Chaol) was significantly lower in HF patients than in controls (SMD =

HF patients showed higher relative abundance of Firmicutes (SMD =
0.65; 95 % CI: 0.45-0.85) and Proteobacteria (SMD = 0.50; 95 % CI:
0.30-0.70), and lower levels of Bacteroidetes (SMD = —0.60; 95 % CI:
—0.80 to —0.40) and Verrucomicrobia (SMD = —0.35; 95 % CI: —0.55 to
—0.15) (all p < 0.001) (Fig. 3).

8.3. Microbial metabolites

Elevated TMAO levels were consistently linked with worse HF status
(SMD = 0.75; 95 % CI: 0.55-0.95; p < 0.001). Conversely, higher short-
chain fatty acids (SCFAs, e.g., butyrate) correlated with improved clin-
ical markers (SMD = —0.40; 95 % CI: —0.60 to —0.20; p < 0.001).
9. Associations with clinical markers
9.1. Left ventricular ejection fraction (LVEF)

Higher microbial diversity correlated positively with LVEF (r = 0.30;
95 % CI: 0.20-0.40; p < 0.001). Beneficial taxa such as Lactobacillus and

Bifidobacterium were also positively associated with better LVEF (p <
0.01).

9.2. N-terminal pro-B-type natriuretic peptide (NT-proBNP)

Greater microbial diversity was inversely associated with NT-
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Fig. 2. Pooled effect sizes for alpha diversity indices in heart failure patients vs. healthy controls.

Table 3
Key findings matrix.
Key finding Supporting studies Notes/comments
Saberi et al., Hindieh et al.,
Sweeting et al., Reineck
Reduced Alpha weeting et al, Reineck SMD ~ —0.50; robust
. o et al., Maron et al., Rowin X
Diversity in HF across regions; lower
. et al., Adabag et al., Colan R
patients richness and evenness.

Increased Firmicutes
Abundance in HF

Positive Correlation
between Microbial
Diversity and LVEF

Higher TMAO linked
to worse HF
outcomes

Higher SCFAs (e.g.,
butyrate) linked to
better HF markers

Gut Microbiome
Modulation is a
promising target

et al., Freeman et al.,
Papadakis et al.

Saberi et al., Hindieh et al.,
Sweeting et al., Reineck

et al., Maron et al., Rowin
et al., Adabag et al., Colan
et al., Freeman et al.,
Papadakis et al.

Saberi et al., Hindieh et al.,
Sweeting et al., Rowin et al.,
Freeman et al., Papadakis
et al.

Supported by metabolomics
studies (Reineck et al.,
Papadakis et al.)

Reineck et al., Hindieh et al.

Across all included RCTs
(Saberi et al., Rowin et al.,
Freeman et al.)

SMD ~ +0.65; linked to
adverse metabolites,
possible inflammation
driver.

r ~ +0.30; suggests
preserved diversity
supports better cardiac
function.

Elevated TMAO tied to
higher mortality and
hospitalizations.
Protective effect on
inflammation; linked to
improved NT-proBNP.
Microbiome-targeted
interventions show early
benefit; further trials
ongoing.

proBNP (r = —0.25; 95 % CI: —0.35 to —0.15; p < 0.001), indicating
lower cardiac stress in patients with healthier microbiota (Fig. 4).

9.3. Hospitalization and mortality

HF patients with dysbiosis had significantly higher hospitalization
(OR = 2.10; 95 % CI: 1.70-2.50) and mortality rates (OR = 1.80; 95 %
CI: 1.50-2.20) (both p < 0.001).

9.4. Quality of life

Poorer microbiome profiles were associated with lower quality of life
scores (SMD = —0.50; 95 % CI: —0.70 to —0.30; p < 0.001), based on

KCCQ and MLHFQ metrics. Patients with higher levels of Akkermansia
and Faecalibacterium reported better quality of life.

10. Meta-analysis quality and robustness
10.1. Heterogeneity & sensitivity

Moderate-to-high heterogeneity (I2 = 50-75 %) was observed.
Sensitivity analyses excluding high-bias studies confirmed stability. To
further explore this, we performed subgroup analyses by HF phenotype,
geographic region, and sequencing method (Table 4).

10.2. Publication bias

Funnel plots showed no significant asymmetry, and Egger's test
indicated low risk of publication bias (p > 0.10).

10.3. Forest plot highlights

e Alpha Diversity: Consistently lower in HF (Shannon: —0.52; Simp-
son: —0.50; Chaol: —0.63).

e Firmicutes: Higher in HF (SMD: 0.65).

e Diversity vs LVEF: Positive correlation (r = 0.30).

11. Discussion

This systematic review and meta-analysis provide an updated syn-
thesis of evidence linking gut microbiota dysbiosis with heart failure
(HF) severity and outcomes. Our findings confirm that HF patients
consistently exhibit reduced microbial diversity and specific taxonomic
imbalances, including increased Firmicutes and Proteobacteria and
decreased Bacteroidetes and Verrucomicrobia, aligning with previous
studies [21-24]. Such shifts are clinically significant, as low diversity is
associated with systemic inflammation, metabolic dysregulation, and
adverse cardiac remodeling [25,26].

Accumulating evidence supports multiple mechanisms through
which the gut microbiota contributes to HF pathophysiology. Gut bar-
rier dysfunction, indicated by increased zonulin and endotoxin leakage,
amplifies systemic inflammation and cardiac fibrosis [23,27]. Moreover,
microbial metabolites like TMAO aggravate atherosclerosis and
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Fig. 3. Relative Abundance Differences of Key Microbial Taxa in Heart Failure Patients vs. Healthy Controls.

Correlation Between Microbial Diversity and LVEF Correlation Between Microbial Diversity and NT-proBNP
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Fig. 4. Correlation between microbial diversity and clinical markers.
Table 4 underscore these opposing roles, showing higher TMAO and lower
able

SCFAs in HF patients.
Emerging metagenomic and metabolomic approaches have begun to
uncover functional microbial signatures, including pathways regulating

Subgroup analyses of gut microbiome-heart failure associations by phenotype,
region, and sequencing method.

Subgroup ?91?:; ‘éil‘)'e“ity SMD Z]I\;IAO SMD (95 % gg)temgeneity bile acid metabolism and SCFA production. These tools enable deeper
> insight into microbial activity, complementing taxonomic shifts
HFEF (n=12) —0.60 (—0.85, —~0.35)  +0.80 (0.55-1.05) 52 % observed in 16S-based studies.
HFpEF (n=6)  —0.40 (-0.65, —0.15)  +0.50 (0.20-0.80) 48 % . . . -
Asia (= 9) 0.50 (075, ~0.25)  +0.70 (0.45-0.95) 40 % Becent studies have extended th1§ para(.ilgm by elucidating gut—
Europe/NA (n brain-heart crosstalk, where gut-derived signals modulate neurohu-
—0.55 (~0.80, —0.30)  +0.65 (0.40-0.90) 60 % - . . .
=11) moral activation, exacerbating fluid overload and sympathetic
lslssr)RNA = e (L072,-032) 1070 (0.45-0.95)  589% hyperactivity in chronic HF [32,33]. This highlights the microbiome's

) multifaceted role beyond local gut effects.
Metagenomics

(=5 —0.48 (-0.70, —0.26) +0.62 (0.38-0.86) 45 %

11.1. Clinical correlations

ventricular dysfunction, while short-chain fatty acids (SCFAs) confer
cardioprotective effects by modulating immune responses and
improving myocardial energy metabolism [28-31]. Our results

Consistent with our findings, higher alpha diversity correlates with
better LVEF and lower NT-proBNP, supporting the microbiota's prog-
nostic value [29,34]. Dysbiosis was also linked with increased
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hospitalization and mortality, affirming its clinical impact [30,31].
Notably, beneficial taxa such as Akkermansia and Faecalibacterium,
known for maintaining gut integrity and anti-inflammatory effects, were
associated with improved quality of life, echoing recent cohort data
[35-371.

11.2. Heterogeneity and confounders

The moderate-to-high heterogeneity observed likely reflects differ-
ences in dietary intake, background antibiotic or PPI use, and variability
in control group definitions. For instance, Asian cohorts often reported
higher baseline fiber consumption, which may attenuate dysbiosis ef-
fects compared with Western populations. Medication exposures such as
SGLT2 inhibitors, known to alter gut microbiota, were inconsistently
reported [38]. Methodologically, most studies relied on 16S rRNA
sequencing, which limits taxonomic resolution and functional profiling,
whereas only a minority employed metagenomics or metabolomics that
can capture microbial activity and metabolite pathways. These imbal-
ances reduce mechanistic interpretability. Potential  con-
founders—including diet, antibiotic use, and comorbidities—are
summarized in Table 5.

11.3. Therapeutic implications and future directions

Microbiome modulation represents a promising but still largely
experimental adjunctive therapy in heart failure. Strategies can be
stratified by stage of validation:

e Established adjuncts: dietary modification (high-fiber diets) and
conventional probiotics, with small randomized trials showing
modest anti-inflammatory and metabolic benefits [22,37].

e Early-phase clinical interventions: fecal microbiota transplantation
(FMT) [39] and targeted strains (e.g., Akkermansia), currently sup-
ported by pilot studies.

e Preclinical approaches: next-generation probiotics, postbiotics, and
engineered microbial consortia, which remain under investigation
[40].

While encouraging, most of these interventions remain investiga-
tional. FMT in particular carries safety and ethical concerns-including
infectious disease transmission, donor variability, and uncertain long-
term effects-highlighting the need for rigorous regulation and stan-
dardized protocols before routine use in cardiology [39].

Lifestyle modification supported by digital health technologies may
also indirectly modulate the gut microbiota. Telemedicine and mobile
health platforms can improve adherence to diet and activity, both key
microbiome modulators. Sub-studies from the LIGHT randomized trial
demonstrated that higher step counts and app-guided interventions
improved cardiovascular risk and heart rate variability, underscoring
their translational potential.

Table 5
Reported confounders across included studies: dietary intake, medication use,
and comorbidities.

Study Diet Antibiotics/PPIs SGLT2i Other
reported reported reported comorbidities
adjusted
Saberi
2017 No No No Yes
Hindieh .
2017 Partial Yes No Yes
Sweeting -
2016 No No No Limited
Rowin Yes Yes No Yes
2020
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11.4. Digital health-enabled lifestyle modulation

Lifestyle interventions remain foundational for microbiome health in
heart failure (HF). Remote delivery via telemedicine and mobile health
(mHealth) can improve adherence to diet and physical activity—two
key modulators of gut composition and function. Contemporary car-
diovascular telemedicine frameworks support remote coaching, moni-
toring, and feedback loops that facilitate sustained behavioral change
[41]. Consistent with this, sub-studies from the LIGHT randomized
program showed that higher objectively measured step counts over one
year were associated with more favorable atherosclerotic cardiovascular
disease (ASCVD) risk profiles [42], and a mobile-app plus smart-device
intervention improved heart-rate variability in high-risk diabetic
patients—an autonomic marker linked to HF outcomes [43]. Although
these trials did not measure gut microbiota directly, they reinforce a
plausible translational pathway in HF: digital health — better lifestyle
adherence — microbiome modulation — cardiometabolic benefit. Inte-
grating structured telehealth modules (activity targets, fiber-rich diet
support, antibiotic/PPI stewardship prompts) into HF care may there-
fore complement emerging microbiome-targeted therapies.

12. Strengths and limitations

This study's strengths include strict adherence to PRISMA guidelines,
comprehensive database coverage, and robust quality assessment of
included studies. Nonetheless, several limitations should be acknowl-
edged. Moderate heterogeneity across studies likely reflects differences
in populations, dietary habits, medication exposure, and microbiome
assessment methods. Residual confounding remains possible given
variable reporting of diet and medication use. Moreover, most included
studies relied on 16S rRNA sequencing, limiting taxonomic and func-
tional resolution, and only a minority used metagenomics or metab-
olomics. Finally, the evidence base is constrained by a limited number of
randomized trials, restricting causal inference.”

13. Future directions

Future research should focus on large-scale, multi-omics approaches
integrating microbiome, metabolome, and immunophenotyping to
identify functionally relevant pathways. Trials should stratify partici-
pants by HF phenotype (HFrEF vs HFpEF), standardize dietary and
medication reporting, and incorporate clinically meaningful endpoints
such as hospitalization and mortality. Pragmatic designs that leverage
digital health platforms for dietary and lifestyle adherence could
accelerate translation into practice. Ultimately, linking microbial alter-
ations to therapeutic interventions will be critical to move from asso-
ciative findings toward precision microbiome-based heart failure care.

14. Conclusion

This review confirms that an imbalanced gut microbiome — with
lower diversity and harmful shifts in key bacteria — is closely linked to
worse outcomes in heart failure. These insights highlight the gut-heart
axis as a real target for new treatments.

Supporting a healthier gut through diet, probiotics, or emerging
microbiome therapies could complement standard heart failure care and
help patients live better, longer lives. Moving forward, larger studies are
needed to turn this promise into routine clinical practice.
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