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Abstract 

Background and Objectives: Cardiometabolic disease, a term encompassing metabolic syn-
drome (MS) and cardiovascular disease (CVD), represents a major and growing global 
health burden driven by interconnected metabolic and cardiovascular dysfunction. 
Emerging evidence suggests that the gut microbiota plays a central role in modulating 
metabolic, inflammatory, and cardiovascular (CV) pathways, giving rise to the concept of 
the heart–gut axis. However, human evidence integrating microbiome-mediated mecha-
nisms across the cardiometabolic spectrum remains incompletely synthesized. This fo-
cused systematic review aimed to synthesize the current human evidence on microbiome-
mediated mechanisms linking metabolic syndrome (MS) and related metabolic pheno-
types with cardiovascular risk (CVR) and subclinical cardiovascular (CV) outcomes 
within the conceptual framework of the heart–gut axis. Materials and Methods: A system-
atic literature search was conducted in PubMed, Scopus, Web of Science, and the 
Cochrane Library in accordance with PRISMA 2020 guidelines. Human observational and 
interventional studies evaluating gut microbiota composition, function, or microbiota-de-
rived metabolites in relation to cardiometabolic, and CV outcomes were included. Risk of 
bias was assessed using the Cochrane RoB 2 and ROBINS-I tools, and findings were syn-
thesized narratively. Results: Ten human studies published between 2016 and 2025 met 
the inclusion criteria. Across these studies, gut dysbiosis was consistently associated with 
adverse cardiometabolic risk profiles and subclinical CV outcomes, including insulin re-
sistance, systemic inflammation, subclinical atherosclerosis, and CV prognosis in high-
risk populations. Microbiota-derived metabolites, particularly trimethylamine N-oxide 
(TMAO) and short-chain fatty acids (SCFAs), as well as emerging metabolites such as 
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phenylacetylglutamine (PAGln) and imidazole propionate (ImP), were identified as key 
mediators linking metabolic syndrome and related metabolic disturbances with CVR and 
subclinical cardiovascular disease (CVD). Markers of intestinal barrier dysfunction and 
endotoxemia further supported the role of chronic low-grade inflammation within the 
heart–gut axis. Conclusions: Current human evidence supports the heart–gut axis as a bi-
ologically plausible and clinically relevant contributor to cardiometabolic disease. Gut mi-
crobiota-derived metabolites, intestinal barrier dysfunction, and systemic inflammation 
represent interconnected pathways linking MS with CVR. Advancing our understanding 
of these mechanisms may inform the development of microbiome-targeted strategies to 
complement established approaches for cardiometabolic and CV prevention. 

Keywords: gut microbiota; heart–gut axis; cardiometabolic disease; metabolic syndrome; 
cardiovascular risk; dysbiosis; microbial metabolites; trimethylamine N-oxide 
 

1. Introduction 
Cardiometabolic diseases, a term encompassing metabolic syndrome (MS) and car-

diovascular disease (CVD), represent a major global health burden and are leading con-
tributors to morbidity and mortality worldwide [1,2]. Although traditionally considered 
distinct clinical entities, these conditions share common pathophysiological mechanisms, 
including chronic low-grade inflammation, insulin resistance, endothelial dysfunction, 
and altered lipid metabolism. In recent years, the gut microbiota has emerged as a central 
modulator of these interconnected processes, giving rise to the concept of the heart–gut 
axis [3,4]. 

The human gut microbiota comprises a complex ecosystem of trillions of microor-
ganisms that interact dynamically with host metabolic, immune, and cardiovascular (CV) 
systems. Early landmark studies demonstrated that gut microbial composition differs be-
tween lean and obese individuals and that the microbiota can directly influence host en-
ergy harvest and fat storage [5–7]. Subsequent experimental and human studies further 
established a causal role of the gut microbiota in metabolic regulation, showing that trans-
plantation of microbiota from obese donors can induce metabolic dysfunction in germ-
free recipients [8]. These findings positioned gut dysbiosis as a key upstream factor in the 
development of MS. 

In type 2 diabetes mellitus (T2DM), large-scale metagenomic studies have consist-
ently reported disease-specific alterations in gut microbial composition and function, in-
dependent of genetic background and geography [9,10]. Importantly, pharmacological 
treatments such as metformin have been shown to substantially modify the gut microbi-
ome, highlighting the need to disentangle disease-specific microbial signatures from treat-
ment effects [11]. Reviews integrating these findings support a bidirectional relationship 
between glucose metabolism and the gut microbiota, mediated through inflammation, 
bile acid signaling, and microbial metabolites [12,13]. 

Beyond metabolic regulation, growing evidence implicates the gut microbiota in CV 
pathology. Dysbiosis has been associated with atherosclerosis, hypertension, and heart 
failure through multiple interrelated mechanisms, including immune activation, endothe-
lial dysfunction, and altered host–microbe metabolic crosstalk [14–16]. One of the most 
extensively studied pathways involves microbiota-derived trimethylamine N-oxide 
(TMAO), a metabolite produced from dietary phosphatidylcholine and L-carnitine. Ele-
vated circulating TMAO levels have been linked to atherosclerosis, thrombosis, and ad-
verse CV outcomes in both observational and mechanistic studies [17–19]. 
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In addition to TMAO, several emerging gut-derived metabolites have been identified 
as potential mediators of cardiometabolic risk. Phenylacetylglutamine (PAGln) has been 
shown to promote platelet hyperreactivity and increase cardiovascular risk (CVR) via ad-
renergic receptor signaling [20]. Imidazole propionate (ImP), a histidine-derived micro-
bial metabolite, impairs insulin signaling through mTORC1 activation and has recently 
been implicated in both T2DM and atherosclerosis [21,22]. Other microbial products, includ-
ing short-chain fatty acids (SCFAs) and tryptophan-derived indoles, exert context-depend-
ent effects on inflammation, blood pressure regulation, and metabolic homeostasis [23–25]. 

Despite the rapidly expanding literature, the extent to which gut microbiota–medi-
ated mechanisms integrate MS and CVR within a unified heart–gut axis remains insuffi-
ciently synthesized. Existing reviews often focus on single disease entities or individual 
metabolites, limiting translational interpretation across the cardiometabolic spectrum 
[26,27]. A comprehensive synthesis of human evidence linking gut dysbiosis, microbial 
metabolites, and cardiometabolic outcomes is therefore warranted. 

Accordingly, this systematic review aims to summarize current human evidence on 
the role of the gut microbiota in cardiometabolic disease, with a particular focus on MS as 
key metabolic drivers of CVR. By integrating data on microbial composition, functional 
pathways, and gut-derived metabolites, this review seeks to clarify mechanistic links 
within the heart–gut axis and to identify gaps that may inform future microbiome-tar-
geted preventive and therapeutic strategies. 

2. Materials and Methods 
2.1. Study Design and Reporting Standards 

This systematic review was conducted in accordance with the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines [28]. The re-
view protocol was prospectively registered in the International Prospective Register of 
Systematic Reviews (PROSPERO; ID: CRD420261279340). This review was designed as a 
focused systematic review to synthesize human evidence on microbiome-mediated mech-
anisms linking metabolic syndrome with CVR within the heart–gut axis framework. In 
this context, “focused” refers to an a priori selection strategy prioritizing mechanistic in-
terpretability and translational relevance rather than exhaustive literature coverage. Spe-
cifically, inclusion was limited to adult human studies that met three predefined criteria: 
(i) sufficiently comprehensive gut microbiome characterization, including taxonomic 
composition with or without functional or metabolite-level analyses; (ii) clearly defined 
cardiometabolic or CV endpoints; and (iii) direct mechanistic relevance to the heart–gut 
axis. This intentional trade-off was adopted to reduce conceptual and methodological het-
erogeneity and to enable a coherent mechanistic synthesis grounded in human evidence.  

Accordingly, this focused approach represents an intentional trade-off between ex-
haustive literature coverage and conceptual depth, aiming to enhance mechanistic inter-
pretability and translational relevance while maintaining methodological transparency. 

2.2. Search Strategy 

A comprehensive literature search was performed in the following electronic data-
bases: PubMed, Scopus, Web of Science, and the Cochrane Library. The final search was 
conducted on 21 December 2025. Given the rapidly expanding microbiome literature and 
the aim to synthesize human evidence specifically addressing microbiome-mediated 
mechanisms linking MS-related metabolic dysfunction with CVR within the heart–gut 
axis, we applied a focused (targeted) systematic search strategy. This approach was de-
signed to maximize relevance to mechanistic cardiometabolic pathways (microbiota com-
position/function, gut barrier integrity, inflammation, and microbiota-derived 
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metabolites) while maintaining feasibility and reproducibility. The search combined 
terms related to the gut microbiota and dysbiosis with cardiometabolic disease and CVR, 
explicitly incorporating MS and key cardiometabolic phenotypes (e.g., insulin resistance, 
hypertension, atherosclerosis, coronary artery disease, and heart failure). To capture 
mechanistic pathways central to the heart–gut axis, we additionally included terms re-
flecting intestinal barrier dysfunction, endotoxemia, inflammation, and microbiota-de-
rived metabolites. The final Boolean search string was: (“gut microbiota” OR “gut micro-
biome” OR dysbiosis) AND (“cardiometabolic disease” OR “cardiovascular risk” OR 
“cardiovascular disease” OR atherosclerosis OR “coronary artery disease” OR hyperten-
sion OR “heart failure”) AND (“metabolic syndrome” OR obesity OR “insulin resistance” 
OR “type 2 diabetes” OR T2DM) AND (“gut barrier” OR permeability OR endotoxemia 
OR inflammation OR LPS OR “lipopolysaccharide-binding protein” OR TMAO OR “tri-
methylamine N-oxide” OR SCFA OR “short-chain fatty acids” OR PAGln OR “phenyla-
cetylglutamine” OR “imidazole propionate” OR indole OR “bile acid”). No restrictions on 
publication year were applied. Where supported by the database, searches were con-
ducted in titles/abstracts and controlled vocabulary (e.g., MeSH terms) using database-
specific adaptations of the strategy. In addition to database searching, the reference lists 
of all included articles and relevant systematic reviews were manually screened to iden-
tify potentially eligible studies not captured through the primary searches. 

2.3. Eligibility Criteria 

2.3.1. Inclusion Criteria 

Studies were considered eligible for inclusion if they involved adult human popula-
tions and investigated gut microbiota composition, function, or microbiota-derived me-
tabolites in relation to MS, cardiometabolic disease, or CVR. Both observational and inter-
ventional study designs were eligible. Included studies were required to report outcomes 
or mechanistic pathways relevant to the heart–gut axis, such as intestinal barrier dysfunc-
tion, endotoxemia, systemic inflammation, or microbiota-derived metabolites, including 
TMAO. 

2.3.2. Exclusion Criteria 

Studies were excluded if they were conducted exclusively in animal models or in 
vitro settings, involved pediatric populations, or lacked adequate characterization of the 
gut microbiota to support microbiome-related analyses. Publications that did not report 
relevant cardiometabolic or CV outcomes or did not address mechanistic pathways perti-
nent to the heart–gut axis, were also excluded. In addition, conference abstracts, editorials, 
commentaries, and non-systematic narrative reviews were not considered eligible. Stud-
ies representing duplicate publications or overlapping populations were excluded to 
avoid data redundancy. Furthermore, studies were excluded if microbiome analyses were 
limited to targeted taxa without broader compositional or functional context, or if cardi-
ometabolic outcomes were reported without sufficient methodological detail to allow for 
meaningful interpretation within the heart–gut axis framework. Where multiple publica-
tions reported data from the same cohort, only the most comprehensive or methodologi-
cally robust report was included. 

2.4. Study Selection 

All records identified through database searches were manually reviewed to identify 
and remove duplicate entries prior to the screening process. Two reviewers (TB and PŠP) 
independently screened titles and abstracts to assess eligibility. Full-text articles were sub-
sequently retrieved and evaluated in detail according to the predefined inclusion and ex-
clusion criteria. Any discrepancies during the selection process were resolved through 
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discussion and consensus between the reviewers. The study selection process is illustrated 
in Figure 1 using a PRISMA 2020 flow diagram (Table S1). 

 

Figure 1. PRISMA 2020 flow diagram of the study selection process for the systematic review. The 
main reasons for exclusion included inadequate microbiome characterization, lack of relevant car-
diometabolic or CV outcomes, insufficient methodological detail for mechanistic interpretation 
within the heart–gut axis framework, and duplicate or overlapping study populations. 

2.5. Data Extraction 

Data extraction was independently performed by two reviewers (TB and PŠP) using 
a standardized data extraction form. Extracted data included key study characteristics 
such as the first author and year of publication, study design, sample size and population 
characteristics, and methods used for microbiome assessment. Information on cardiomet-
abolic and CV outcomes, as well as key findings related to microbiome-mediated mecha-
nisms within the heart–gut axis, was also collected. Any disagreements during data ex-
traction were resolved by consensus. 

2.6. Risk of Bias Assessment 

The risk of bias was independently assessed by two reviewers (TB and PŠP). For ran-
domized controlled trials, the Cochrane Risk of Bias 2.0 tool was used [29], whereas ob-
servational studies were evaluated using the ROBINS-I tool [30]. Studies were categorized 
according to their overall risk of bias. Disagreements between reviewers were resolved 
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through discussion and consensus. Risk of bias assessment was applied exclusively to 
studies meeting all inclusion criteria and included in the final qualitative synthesis. 

2.7. Data Synthesis 

Given the heterogeneity of study designs, participant characteristics, microbiome as-
sessment methods, and reported outcomes, a quantitative meta-analysis was not consid-
ered appropriate. Therefore, a narrative synthesis was conducted. The results were syn-
thesized descriptively and organized according to major microbiome-mediated pathways 
within the heart–gut axis, including intestinal barrier dysfunction, systemic inflammation, 
and the role of microbiota-derived metabolites such as TMAO in linking MS with CVR. 

3. Results 
3.1. Study Selection 

The systematic literature search identified a total of 755 records across four electronic 
databases, including PubMed, Scopus, Web of Science, and the Cochrane Library. After 
manual removal of 268 duplicate records, 487 records remained for title and abstract 
screening. Of these, 428 records were excluded based on predefined eligibility criteria. 
Fifty-nine full-text articles were subsequently assessed for eligibility. Following full-text 
evaluation, 49 articles were excluded due to inadequate microbiome characterization, lack 
of relevant cardiometabolic or CV outcomes, insufficient methodological detail to support 
microbiome-related analyses, or overlapping populations and secondary analyses. Ulti-
mately, 10 studies met the inclusion criteria and were included in the systematic review. 
The study selection process is illustrated in Figure 1. 

3.2. Characteristics of Included Studies 

The main characteristics of the studies included in the systematic review are summa-
rized in Table 1. 

The final sample comprised 10 human studies published between 2016 and 2025, en-
compassing a total of observational and interventional designs. Five studies were ran-
domized or interventional clinical trials investigating targeted modulation of the gut mi-
crobiota through dietary interventions, probiotics, or pharmacological treatment com-
bined with microbiome-directed strategies. Three studies employed prospective or clini-
cally oriented cohort designs focusing on CV prognosis or subclinical CVD in populations 
with MS or established coronary artery disease (CAD). The remaining two studies were 
cross-sectional analyses evaluating associations between gut microbiota composition, mi-
crobial metabolites, and cardiometabolic risk factors. 

Table 1. Included Studies Evaluating the Heart–Gut Axis and Cardiometabolic Risk. 

A. Metabolic Surrogate Markers and Subclinical Cardiovascular Phenotypes 

Study (Author, 
Year) Study Design Population (Sample 

Si�e) 

Microbi-
ome/Gut-Related 

Measure 

Outcome 
Category Key Outcomes Key Conclusion 

Depommier et 
al., 2019 [31] 

Randomized 
controlled trial 

Overweight/obese 
adults (n = 40) 

Akkermansia 
muciniphila 

(shotgun meta-
genomics)  

Metabolic 
surrogate 
markers 

Insulin sensi-
tivity, lipid 

profile 

Targeted microbi-
ota supplementa-

tion improved 
metabolic risk 

Reijnders et al., 
2016 [32] 

Randomized 
controlled trial Obese adults (n = 56) 

Gut microbiota 
composition (16S 

rRNA) 

Metabolic 
surrogate 
markers 

Glucose me-
tabolism, insu-
lin sensitivity 

Microbiota ma-
nipulation di-
rectly affected 

host metabolism 
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González-
Sarrías et al., 

2018 [33] 

Randomized 
clinical trial 

Overweight–obese 
adults (n = 49) 

Gut microbiota 
composition; 

LPS-binding pro-
tein 

Metabolic 
surrogate 
markers 

Systemic in-
flammation, 
endotoxemia 

Reduced endotox-
emia through mi-
crobiota modula-

tion 

Pagliai et al., 
2020 [34] 

Dietary inter-
vention study 

Overweight adults (n 
= 107) 

Gut microbiota 
and SCFA profil-

ing 

Metabolic 
surrogate 
markers 

Lipid profile, 
metabolic risk 

markers 

Mediterranean 
diet favorably al-
tered microbiota 

and metabolic risk 

Tian J. et al., 
2025 [35] 

Randomized 
controlled trial 

Patients with T2DM 
(n = 84) 

Gut microbiota 
(16S rRNA) 

Metabolic 
surrogate 
markers 

Glycemic con-
trol, lipids, 

blood pressure 

Probiotics en-
hanced cardi-

ometabolic bene-
fits of dulaglutide 

Randrianarisoa 
et al., 2016 [36] 

Observational 
cohort study 

Adults with cardi-
ometabolic risk (n = 

220) 

Gut-derived me-
tabolite (TMAO) 

Subclinical 
CV pheno-

types 

cIMT (early 
atherosclero-

sis) 

Higher TMAO 
levels associated 
with subclinical 
atherosclerosis 

Tsai et al., 2021 
[37]  

Cross-sectional 
study 

Patients with T2DM 
(n = 60) 

Gut microbiota 
composition (16S 

rRNA) 

Subclinical 
CV pheno-

types 

Subclinical 
CVD markers 

Distinct microbi-
ota profiles linked 

to subclinical 
CVD 

de la Cuesta-Zu-
luaga et al., 2019 

[38] 

Cross-sectional 
study 

Adults with obesity 
and hypertension (n 

= 441) 

Fecal SCFA and 
microbiota profil-

ing 

Metabolic 
surrogate 
markers 

Obesity, hy-
pertension 

SCFA patterns re-
flected cardiomet-

abolic dysbiosis 
B. Clinical cardiovascular outcomes and prognosis 

Study (Author, 
Year) 

Study Design Population (Sample 
size) 

Microbiome/Gut-
Related Measure 

Outcome 
category 

Key Outcomes Key Conclusion 

Tian R. et al., 
2021 [39] 

Prospective co-
hort study 

CAD patients with 
T2DM (n = 218) 

Gut microbiota 
composition (16S 

rRNA) 

Clinical CV 
outcomes 

Cardiovascular 
prognosis 

Microbiota 
dysbiosis pre-

dicted adverse CV 
outcomes 

Wang et al., 2021 
[40] 

Prospective co-
hort study 

General adult popu-
lation (n = 3073) 

Shotgun meta-
genomics 

Clinical CV 
outcomes 

Incident cardi-
ometabolic dis-

ease 

Gut microbiome 
modulated cardi-
ometabolic pro-
tection of Medi-
terranean diet 

Abbreviations: CAD, coronary artery disease; cIMT, carotid intima–media thickness; CV, cardio-
vascular; CVD, cardiovascular disease; LPS, lipopolysaccharide; SCFA, short-chain fatty acid; 
T2DM, type 2 diabetes mellitus. 

Across the included studies, gut microbiota assessment methods varied and included 
16S rRNA gene sequencing and shotgun metagenomic sequencing. Several studies addi-
tionally evaluated microbiota-derived metabolites or functional markers, such as SCFAs, 
TMAO, or lipopolysaccharide (LPS)-binding protein. Cardiometabolic and CV outcomes 
encompassed measures of insulin sensitivity, glycemic control, lipid profiles, systemic in-
flammation, blood pressure, subclinical atherosclerosis, and CV prognosis. 
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3.3. Risk of Bias Assessment 

Risk of bias was assessed using the RoB 2 tool for randomized controlled trials and 
interventional studies, and the ROBINS-I tool for observational studies. The results are 
summarized in Table 2, presented as randomized and interventional studies and obser-
vational studies. 

Table 2. Risk of Bias Assessment of Included Studies. 

Study (Author, 
Year) 

Tool 
Randomi�a-

tion/Confounding 
Selection of 
Participants 

Classification 
of Exposure 

Deviations 
from Intended 
Interventions 

Missing 
Data/Out-
come Data 

Measurement 
of Outcomes 

Selection 
of Re-

ported Re-
sults 

Overall 
Risk of 

Bias 

Depommier et al., 
2019 [31] 

RoB 2 Low – – Low Low Low Low Low 

Reijnders et al., 
2016 [32] 

RoB 2 Low – – Some concerns Low Low Low 
Some con-

cerns 
González-Sarrías 

et al., 2018 [33] 
RoB 2 Low – – Some concerns Low Low Low 

Some con-
cerns 

Pagliai et al., 2020 
[34] 

RoB 2 Some concerns – – Some concerns Low Low Low 
Some con-

cerns 
Tian J. et al., 2025 

[35] 
RoB 2 Low – – Low Low Low Low Low 

Tian R. et al., 2021 
[39] 

ROBINS-I Moderate Low Low Low Low Low Low Moderate 

Randrianarisoa et 
al., 2016 [36] 

ROBINS-I Moderate Low Low Low Low Moderate Low Moderate 

Tsai et al., 2021 
[37] 

ROBINS-I Moderate Moderate Low Low Low Moderate Low Moderate 

de la Cuesta-Zu-
luaga et al., 2019 

[38] 
ROBINS-I Moderate Moderate Low Low Low Moderate Low Moderate 

Wang et al., 2021 
[40] 

ROBINS-I Moderate Low Low Low Low Low Low Moderate 

RoB 2, Risk of Bias 2 tool; ROBINS-I, Risk of Bias in Non-randomized Studies of Interventions; RCT, 
randomized controlled trial. 

Randomized controlled trials were evaluated using the Cochrane Risk of Bias 2.0 
(RoB 2) tool [29]. Overall, these studies demonstrated a low risk of bias or some concerns 
across individual domains, most commonly related to limited reporting of allocation con-
cealment or deviations from intended interventions. No randomized study was judged to 
be at high risk of bias. Importantly, no study was excluded from the review solely on the 
basis of risk of bias assessment, as all included studies met the predefined methodological 
inclusion criteria. 

Observational and non-randomized studies were assessed using the ROBINS-I tool 
[30]. These studies were predominantly judged to have a moderate risk of bias, primarily 
due to potential residual confounding and, in some cases, participant selection. Bias re-
lated to exposure classification, outcome measurement, missing data, and selective report-
ing was generally assessed as low. Importantly, no study was excluded based on risk of 
bias assessment alone, as all included studies met the predefined methodological quality 
thresholds. 

3.4. Summary of Microbiome-Mediated Cardiometabolic Pathways 

Across the included studies, consistent associations were reported between gut mi-
crobiota composition or function and cardiometabolic outcomes. Several studies identi-
fied alterations in gut microbial diversity or abundance of specific taxa in relation to MS 
and CVR. Microbiota-derived metabolites, including TMAO and SCFAs, were frequently 
reported as potential mediators linking gut dysbiosis with metabolic and CV phenotypes. 
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Additionally, markers of intestinal barrier dysfunction and systemic inflammation were 
assessed in multiple studies, highlighting their relevance within the heart–gut axis. 

4. Discussion 
4.1. The Heart–Gut Axis as an Integrative Cardiometabolic Framework 

The findings of this systematic review support the heart–gut axis as an integrative 
biological framework linking MS with CVR. Across the included human studies, altera-
tions in gut microbiota composition, functional potential, and metabolite production were 
consistently associated with adverse metabolic and cardiovascular phenotypes. These ob-
servations reinforce the concept that gut dysbiosis acts as an amplifier of established car-
diometabolic risk pathways rather than as an isolated or independent contributor to dis-
ease development. 

This integrative framework is consistent with prior mechanistic and clinical evidence 
identifying the gut microbiota as a key interface between environmental exposures and 
host cardiometabolic regulation [3,4,41]. Diet–microbiota interactions, pharmacological 
therapies, and lifestyle factors have all been shown to modulate host metabolism and CVR 
through microbiome-dependent mechanisms [42–44]. Collectively, these data support the 
heart–gut axis as a dynamic, systems-level construct rather than a unidirectional pathway. 
To facilitate conceptual integration, a graphical summary of the proposed heart–gut axis 
is provided in Figure 2. The schematic illustrates metabolic syndrome–related dysfunction 
as an upstream amplifier of gut dysbiosis and microbiome-derived metabolic activity, 
highlighting key mechanistic nodes—including microbial metabolites, intestinal barrier 
dysfunction with endotoxemia, and chronic low-grade inflammation—and their down-
stream cardiometabolic consequences, such as insulin resistance, endothelial dysfunction, 
subclinical atherosclerosis, and adverse cardiovascular prognosis. 

 

Figure 2. Schematic representation of the heart–gut axis illustrating metabolic syndrome as an up-
stream amplifier of gut dysbiosis, microbiota-derived metabolites, intestinal barrier dysfunction, 
and chronic low-grade inflammation. These interconnected pathways contribute to insulin re-
sistance, endothelial dysfunction, subclinical atherosclerosis, and increased cardiovascular risk. 

4.2. Metabolic Syndrome as Central Driver of Microbiome–Cardiovascular Interactions 

MS emerged as central drivers shaping microbiome–CV interactions across the in-
cluded studies. Both conditions are characterized by insulin resistance, chronic low-grade 
inflammation, and altered gut microbial ecology, which together create a metabolic milieu 
that may heighten host susceptibility to microbiome-derived signals. Large-scale meta-
genomic studies have demonstrated disease-specific alterations in microbial diversity and 
functional pathways in metabolic syndrome [9,10], findings also supported by popula-
tion-based microbiome analyses [45]. 

Importantly, insulin resistance itself represents a key mechanistic link between met-
abolic disease and CV pathology [46]. Several included studies suggest that metabolic dis-
ease states sensitize the CV system to gut-derived metabolites and inflammatory 
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mediators. For example, gut microbiota dysbiosis was associated with adverse CV prog-
nosis in patients with CAD and T2DM [39], while distinct microbial profiles were linked 
to subclinical CVD in individuals with T2DM [37]. These observations align with experi-
mental data demonstrating that microbiota–lipid interactions can exacerbate adipose tis-
sue inflammation through innate immune signaling pathways [47]. 

4.3. Microbiota-Derived Metabolites: Beyond Trimethylamine N-Oxide 

Microbiota-derived metabolites represent a central mechanistic link within the heart–
gut axis. TMAO remains the most extensively studied metabolite, with human cohort 
studies consistently associating elevated circulating TMAO levels with subclinical ather-
osclerosis, incident CVD, and adverse prognosis [17,18,36,45]. In patients with heart fail-
ure, elevated TMAO levels have also been linked to worse clinical outcomes [26,48], un-
derscoring its relevance across the CVD spectrum. 

Nevertheless, focusing exclusively on TMAO may oversimplify the complexity of 
microbiome–cardiometabolic interactions. PAGln has been shown to promote platelet hy-
perreactivity and increase CVR through adrenergic receptor signaling [20,49]. ImP, a his-
tidine-derived microbial metabolite, impairs insulin signaling via mTORC1 activation and 
has recently been implicated in both T2DM and atherosclerosis [21,22]. Together, these 
findings suggest that cardiometabolic risk is shaped by a network of interacting microbial 
metabolites rather than a single dominant pathway. 

4.4. Intestinal Barrier Dysfunction, Endotoxemia, and Systemic Inflammation 

Disruption of intestinal barrier integrity constitutes an additional key mechanism 
linking gut dysbiosis with cardiometabolic disease. Several of the included studies evalu-
ated markers of increased intestinal permeability and metabolic endotoxemia, supporting 
the concept that translocation of microbial components into the systemic circulation con-
tributes to chronic low-grade inflammation. Notably, modulation of the gut microbiota 
was associated with reductions in LPS-binding protein levels and systemic inflammatory 
markers in overweight and obese individuals [33]. 

This inflammatory milieu is a recognized driver of insulin resistance, endothelial dys-
function, and atherosclerosis [12,50]. Experimental and clinical data also support the role 
of gut barrier dysfunction as a permissive factor that amplifies downstream metabolic and 
vascular effects of microbiota-derived metabolites [51]. Within the heart–gut axis, im-
paired intestinal integrity may therefore act synergistically with microbial metabolic ac-
tivity to promote cardiometabolic disease progression. 

4.5. Context-Dependent Effects of Short-Chain Fatty Acids and Indole Metabolites 

SCFAs exemplify the context-dependent nature of microbiome-mediated cardiomet-
abolic effects. In both experimental models and human studies, SCFAs have been associ-
ated with improved insulin sensitivity, lipid metabolism, and blood pressure regulation 
[23,24]. Emerging evidence further suggests that host sensing of SCFAs through G-pro-
tein-coupled receptors may exert protective effects against hypertension [52]. 

Within the included studies, fecal SCFA profiles reflected underlying cardiometa-
bolic dysbiosis and were associated with obesity and hypertension [38], whereas dietary 
interventions favorably modulated SCFA patterns in parallel with improvements in met-
abolic risk markers [34]. In a similar manner, tryptophan-derived indole metabolites, par-
ticularly indolepropionic acid, have been associated with a reduced risk of T2DM and 
related metabolic complications, and lower systemic inflammation [53–55]. Collectively, 
these findings underscore the dualistic and context-dependent roles of microbiome-de-
rived metabolites within the heart–gut axis 
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4.6. Clinical Implications and Translational Potential 

The growing recognition of the heart–gut axis has important clinical implications. 
Microbiome-targeted interventions, including dietary modification, probiotics, fecal mi-
crobiota transplantation, and next-generation microbial therapies, have demonstrated po-
tential in improving metabolic parameters in selected populations [56–58]. In the inter-
ventional studies included in this review, targeted modulation of the gut microbiota im-
proved insulin sensitivity, lipid profiles, and cardiometabolic risk markers [31,32,35]. As 
summarized in Table 1, the available human evidence spans heterogeneous study designs, 
including randomized interventional trials, prospective cohorts, and cross-sectional anal-
yses, with CV outcomes predominantly being metabolic and inflammatory markers and 
subclinical CV phenotypes rather than hard clinical endpoints. 

However, interindividual variability in microbiome composition and host response 
remains substantial. Personalized nutrition and microbiome-informed interventions may 
therefore be required to achieve clinically meaningful cardiometabolic benefits [59,60]. At 
present, evidence supporting direct CVR reduction through microbiome-based interven-
tions remains limited, highlighting the need for cautious clinical translation. Importantly, 
the clinical implications discussed herein should be interpreted primarily as hypothesis-
generating. Most of the included studies are observational in nature and rely on surrogate 
or subclinical cardiovascular outcomes, with a relative paucity of data on hard cardiovas-
cular endpoints. As such, microbiome-targeted strategies should currently be viewed as 
complementary research avenues rather than established therapeutic interventions for 
cardiovascular risk reduction. 

4.7. Methodological Considerations and Future Research Directions 

An important methodological consideration in interpreting the available human ev-
idence is the substantial heterogeneity across included studies. Differences in microbiome 
sequencing techniques (16S rRNA gene sequencing versus shotgun metagenomics), bio-
informatic pipelines, dietary exposures, medication use, and population characteristics 
limit direct comparability and preclude meaningful quantitative synthesis. Rather than 
attempting to statistically aggregate heterogeneous data, this review adopted a mecha-
nism-oriented narrative approach to contextualize findings within the heart–gut axis 
framework. As reflected in Table 1, this heterogeneity extends not only to microbiome 
assessment methods, but also to study design, population risk profiles, and the nature of 
cardiometabolic and CV outcomes evaluated. 

Importantly, heterogeneity was not treated solely as a limitation but as an inherent 
feature of human microbiome research that informs study selection and interpretation. By 
prioritizing studies with sufficient microbiome characterization and clinically interpreta-
ble cardiometabolic or CV endpoints, the focused design aimed to preserve mechanistic 
interpretability while acknowledging variability across study designs and populations. 

Several methodological considerations warrant careful discussion. The number of el-
igible human studies remains limited, and substantial heterogeneity is evident across 
study designs, microbiome assessment techniques, analytical pipelines, and reported car-
diometabolic outcomes. Variability in sequencing platforms, bioinformatic workflows, 
and metabolite quantification methods hampers direct comparability across studies and 
limits the ability to draw robust quantitative conclusions. Moreover, confounding factors 
such as dietary patterns, medication use, and lifestyle behaviors are challenging to fully 
account for, especially in observational study designs, and may substantially influence 
both microbiome composition and cardiometabolic phenotypes. 

Future research should therefore prioritize well-designed longitudinal and interven-
tional human studies that integrate standardized microbiome profiling with complemen-
tary multi-omics approaches, including metabolomics, alongside CV imaging and hard 
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clinical endpoints. Harmonization of methodological approaches and reporting standards 
will be critical to improve reproducibility and cross-study comparability. The application 
of validated methodological frameworks and quality assessment tools will further 
strengthen causal inference and enhance the translational relevance of microbiome-based 
findings within the cardiometabolic field [61,62]. Accordingly, some mechanistic conclu-
sions in this review are derived primarily from smaller or exploratory cohorts, whereas 
associations involving key microbiota-derived metabolites and subclinical CV pheno-
types are supported by larger cohort studies or more consistent findings across independ-
ent populations. This distinction should be considered when interpreting the relative 
strength of the available human evidence. Risk-of-bias assessments further informed the 
interpretation of findings rather than serving as exclusion criteria. Interventional studies 
were generally characterized by a low risk of bias or some concerns, whereas observa-
tional studies predominantly demonstrated a moderate risk of bias, largely driven by re-
sidual confounding and participant selection. These differences were considered when 
interpreting the strength of evidence, particularly for associations between gut microbiota 
features and CV outcomes. 

4.8. Novel Contribution 

In contrast to previous reviews that typically focus on isolated components of the 
gut–heart axis—such as individual metabolites, single disease states, or preclinical evi-
dence—the present review provides an integrated, human-evidence-based synthesis of 
microbiome-mediated mechanisms linking metabolic syndrome to CVR. A key concep-
tual contribution is the explicit framing of metabolic syndrome as an amplifying metabolic 
state that increases host susceptibility to microbiome-derived signals, rather than as a par-
allel or independent condition. Furthermore, this review uniquely integrates gut micro-
bial composition, functional capacity, microbial metabolites (including TMAO, SCFAs, 
PAGln and ImP), intestinal barrier dysfunction, and chronic low-grade inflammation into 
a unified, multilayer mechanistic model grounded exclusively in human studies. By con-
solidating these interconnected pathways, the review offers a clearer translational frame-
work for understanding how metabolic dysfunction interfaces with CV pathology within 
the heart–gut axis. 

4.9. Limitations 

The present systematic review has several limitations that should be acknowledged. 
First, the number of eligible human studies was relatively limited, reflecting the emerging 
nature of research on the heart–gut axis in cardiometabolic disease. The limited number 
of eligible studies should be interpreted in the context of the stringent inclusion criteria 
applied. Only studies with adequate microbiome characterization and clinically interpret-
able cardiometabolic or CV endpoints were included, which reduced heterogeneity but 
necessarily limited the size of the final evidence base. This trade-off was considered ap-
propriate to support meaningful mechanistic synthesis rather than broad descriptive ag-
gregation. In addition, substantial heterogeneity was observed across the included studies 
in terms of study design, population characteristics, microbiome assessment techniques, 
and reported cardiometabolic and CV outcomes, which limits direct comparability. Sec-
ond, a substantial proportion of the available evidence was observational, restricting 
causal inference. Although interventional studies were included, sample sizes were gen-
erally modest and follow-up durations were relatively short. Third, variability in micro-
biome profiling methods and the focus on selected microbial taxa or predefined metabo-
lites may not fully capture the complexity of microbiome-driven cardiometabolic path-
ways. In addition, the strength of mechanistic inference varies across the included studies. 
Some conclusions in this review are derived primarily from smaller or exploratory cohorts, 
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whereas associations involving key microbiota-derived metabolites and subclinical CV 
phenotypes are supported by larger cohorts or more consistent findings across independ-
ent populations. This distinction should be considered when interpreting the relative ro-
bustness of individual pathways within the heart–gut axis. Despite these limitations, the 
included studies provide valuable human evidence supporting microbiome-mediated 
mechanisms linking MS with CVR within the framework of the heart–gut axis. 

5. Conclusions 
This systematic review synthesizes current human evidence supporting the heart–

gut axis as a biologically plausible and clinically relevant framework linking MS with 
CVR. Across both observational and interventional studies, consistent associations were 
observed between gut dysbiosis, microbiota-derived metabolites, intestinal barrier dys-
function, and adverse cardiometabolic as well as CV outcomes. Collectively, these find-
ings position the gut microbiota as an active modulator of cardiometabolic disease pro-
gression rather than a passive bystander. Importantly, this review highlights MS and re-
lated metabolic disturbances as central states that may amplify host susceptibility to mi-
crobiome-derived signals. Microbial metabolites such as TMAO and SCFAs, together with 
emerging compounds including PAGln and ImP, appear to operate within interconnected 
metabolic, inflammatory, and vascular pathways that link gut dysfunction to CV pathol-
ogy. In parallel, evidence implicating intestinal barrier impairment and low-grade endo-
toxemia in systemic inflammation further supports a multilayered mechanistic model of 
the heart–gut axis. From a clinical perspective, the available human data suggest that mi-
crobiome-targeted interventions, particularly dietary modulation and selected probiotic 
strategies, may favorably influence cardiometabolic risk profiles. However, evidence for 
direct reductions in CVR remains limited, and substantial interindividual variability in 
baseline microbiome composition and treatment responsiveness continues to represent a 
major challenge for clinical translation. These observations underscore the need for per-
sonalized, context-dependent approaches rather than uniform, one-size-fits-all microbi-
ome interventions. Future research should prioritize well-designed longitudinal and in-
terventional human studies integrating standardized microbiome profiling with metabo-
lomics, CV imaging, and hard clinical endpoints. Such integrative approaches will be es-
sential to strengthen causal inference, identify robust microbial or metabolic biomarkers 
of CVR, and define patient populations most likely to benefit from microbiome-informed 
preventive or therapeutic strategies. At present, the principal value of the heart–gut axis 
lies in its role as a mechanistic and hypothesis-generating framework rather than as a basis 
for immediate clinical risk stratification or therapeutic decision-making. In conclusion, the 
heart–gut axis represents a promising conceptual and translational framework for under-
standing the complex interplay between metabolic dysfunction and CVR. Continued ad-
vances in this field may ultimately complement established cardiometabolic prevention 
strategies and contribute to more integrated, mechanism-based approaches to cardiovas-
cular health. 
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