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ABSTRACT
This review examines the bidirectional relationship between the gut microbiota and cardiovascular diseases (CVDs), aiming to
understand how microbial dysbiosis contributes to CVDs, including atherosclerosis, hypertension, and heart failure. Recent
research emphasizes the gut microbiota’s role in modulating immunity via SCFAs and tryptophan metabolites, maintaining
intestinal barrier integrity, and producing metabolites such as SCFAs (acetate, propionate, butyrate) and pro-atherogenic TMAO.
Dietary patterns, particularly the Mediterranean versus Western diet, signifcantly infuence gut microbiota composition and CVD
risk. Polyphenols and exercise have shown positive efects on gut microbiota and cardiovascular outcomes. A signifcant interplay
exists between gut microbiota and cardiovascular health. Dysbiosis and metabolites like TMAO and LPS are implicated in CVD,
while SCFAs and a balanced microbiota ofer protection. Future research should focus on precision medicine, next-gen probiotics,
optimized FMT, and multiomics approaches to identify personalized CVD therapies.

1 | Introduction
The human body exists in a dynamic symbiotic relationship with
trillions of microorganisms, a concept that has gained promi-
nence following the completion of the HumanGenome Project in

2001 [1]. Since then, extensive research has uncovered the
profound infuence of the gut microbiota on various physio-
logical processes, including metabolism, immunity, and organ
system function. The gastrointestinal (GI) tract harbors an
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estimated 100 trillion microorganisms, primarily comprising
bacterial phyla such as Firmicutes and Bacteroidetes, with smaller
contributions from Actinobacteria, Proteobacteria, and Verruco-
microbia [2, 3]. Advances in molecular biology and sequencing
technologies have revolutionized our understanding of these
microbial communities, facilitating a deeper exploration of their
impact on human health.

The gut microbiota is now recognized as a key player in car-
diovascular (CV) health, with its metabolic byproducts infu-
encing multiple mechanisms that regulate vascular function,
lipid metabolism, and systemic infammation [4]. Cardiovascular
diseases (CVDs) remain a leading cause of global morbidity and
mortality, with well-established risk factors including hyper-
tension, dyslipidemia, obesity, diabetes mellitus, and smoking
[5]. However, emerging evidence suggests that gut microbiota
composition and function are integral to CV health and disease
[1, 2, 6–8]. The interplay between gut microbiota and CVD is
largely mediated by microbial metabolites such as Short-chain
fatty acids (SCFAs), trimethylamine N-oxide (TMAO), bile acids,
and lipopolysaccharides (LPS), which infuence infammation,
endothelial function, blood pressure regulation, and athero-
genesis [7–10].

Gut dysbiosis, a disruption of microbial balance, has been im-
plicated in the pathogenesis of various CVDs, including ath-
erosclerosis, hypertension, and heart failure (HF) [9]. The
composition of gut microbiota is shaped by multiple factors,
including diet, age, genetics, antibiotic use, and environmental
exposures. Western dietary patterns, characterized by high sat-
urated fat, processed carbohydrates, and low fber intake, have
been associated with dysbiosis, increased TMAO production, and
systemic infammation, contributing to elevated CV risk. In
contrast, Mediterranean and plant-based diets, rich in fber and
polyphenols, promote a diverse gut microbiota, enhance SCFA
production, and confer CV benefts [10–14].

Given the growing recognition of the gut microbiota’s role in CV
health, microbiota-targeted interventions are being explored as
potential therapeutic strategies. Probiotics, prebiotics, dietary
modifcations, and pharmacological approaches targeting mi-
crobial metabolites are being investigated for their potential to
mitigate CVD risk [13, 14]. The feld of microbiome research is
rapidly evolving, and future studies focusing on personalized
microbiome-based therapies hold promise for advancing CVD
prevention and management [15–17].

This review aims to provide a comprehensive overview of the gut
microbiota’s infuence on CV health. By elucidating key mi-
crobial metabolites, underlying pathophysiological mechanisms,
and potential therapeutic strategies, we highlight the need for
precision medicine approaches incorporating microbiome-based
interventions to improve CV outcomes.

2 | Methods

We performed a comprehensive literature search using PubMed
andGoogle Scholar for articles published between 2000 and 2024,
using the keywords “gut microbiota,” “cardiovascular disease,”
“dysbiosis,” “TMAO,” “SCFAs,” and “gut–heart axis.” Relevance
was assessed based on the quality of study design and contri-
bution to the mechanistic understanding of the gut–heart axis.

3 | Gut Microbiota: Composition and Function

The human gut microbiota, a complex community of microor-
ganisms, signifcantly infuences the host’s immune system,
metabolism, and overall health [18]. This diverse ecosystem
comprises numerous microorganisms, including bacteria, vi-
ruses, parasites, fungi, phages, eukarya, and archaea [1, 19].
Bacteria constitute the majority of the 10–100 trillion microor-
ganisms within the human microbiome. More than 99% of these
bacteria belong to the phyla Firmicutes, Bacteroidetes, Proteo-
bacteria, and Actinobacteria, with Firmicutes and Bacteroidetes
being the most prevalent groups in a healthy individual’s gut
microbiota [20].

3.1 | Composition

The human GI microbiome consists of distinct microbial com-
munities that vary along the GI tract.

• Esophagus: The distal esophageal microbiome exhibits low
diversity, with Streptococcus species being the dominant
group. Other genera, including Prevotella, Actinomyces,
Lactobacillus, and Staphylococcus, have also been
identifed [21].

• Stomach: Though historically considered inhospitable to
bacteria, the stomach harbors Helicobacter pylori, signif-
cantly afecting microbial composition. Other acid-resistant
bacteria include Streptococcus, Neisseria, and Lactobacillus.
Studies have identifed dominant genera such as Pasteur-
ellaceae, Veillonella, Rothia, Streptococcus, and Prevotella
[22–24].

• Small intestine: The duodenum is colonized primarily by
Firmicutes and Actinobacteria, while the jejunum hosts
facultative anaerobes like Lactobacillus, Enterococcus, and
Streptococcus. The ileum harbors a microbiota resembling
that of the colon, consisting mainly of anaerobes and Gram-
negative organisms [21].

• Large intestine: Dominated by Firmicutes and Bacter-
oidetes, the colon also harbors opportunistic pathogens
like Bacteroides thetaiotaomicron and Bacteroides fragilis
[21].

3.2 | Functions

The gut microbiota plays a crucial role in host health by con-
tributing to various metabolic and immune processes.

• Dietary fber metabolism: The gut microbiota ferments di-
etary fber into SCFAs (e.g., acetate, propionate, butyrate),
which regulate intestinal homeostasis and infammation [1].

• Immunity: The gutmicrobiota plays a central role in shaping
the immune system, promoting gut-associated lymphoid
tissue (GALT) development, and modulating systemic in-
fammation [19, 25].

• Lipid metabolism: Gut microbes infuence energy balance,
glucose metabolism, and lipid metabolism, impacting con-
ditions like obesity and metabolic syndrome [26].

• Bile acid metabolism: Gut bacteria convert primary bile
acids into secondary metabolites that regulate cholesterol
homeostasis and lipid absorption [19].
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• Tryptophan metabolism: The microbiota metabolizes tryp-
tophan into bioactive compounds such as indoles, infu-
encing immune function and infammation [19].

• SCFAs: SCFAs modulate immune responses and maintain
intestinal integrity by infuencing regulatory T-cell function
and mucosal defense [19, 25–28].

• Choline metabolism: Gut bacteria convert choline into tri-
methylamine (TMA), which is oxidized into TMAO,
a compound linked to CVD [1, 29].

• Gut–brain axis: The microbiota interacts with the enteric
and central nervous systems, infuencing neurodevelopment
and cognitive function [30, 31].

3.3 | Relationship Between Host and Microbes

The relationship between the host and gut microbiota is pri-
marily commensal but can shift to pathogenic under dysbiotic
conditions. The host employs feedback mechanisms to maintain
microbial equilibrium, including immune modulation, spatial
segregation of microbes, and alternative nutrient provision.
Understanding the composition and function of the gut micro-
biota is essential for developing targeted interventions to improve
CV and overall health [1].

4 | Mechanism Linking Gut Microbiota and CV
Health

Recent research underscores the signifcant role of gut
microbiota in CV health, linking microbial composition al-
terations to various CVDs, such as myocardial infarction,
hypertension, and atherosclerosis [32, 33]. The intricate re-
lationship between gut microbiota and CV function, termed
the “gut–heart axis,” [33] highlights the profound impact of
gut health on CV outcomes. A deeper understanding of this
bidirectional interaction is crucial for developing novel
therapeutic strategies targeting gut microbiota to improve CV
health.

4.1 | Experimental Models of Causality

Fecal microbiota transplantation (FMT) serves as a critical
experimental model to establish causality rather than a natu-
rally occurring physiological mechanism. Germ-free animal
models have been instrumental in elucidating the functional
role of gut microbiota in disease susceptibility. Studies have
demonstrated signifcant increases in blood pressure following
FMT from hypertensive individuals into germ-free mice,
thereby establishing a direct link between gut microbiota
composition and hypertension [34, 35]. Additionally, specifc
bacterial species have been implicated in modulating CV
health. For instance, the colonization of germ-free ApoE-
defcient mice with the butyrate-producing bacterium Rose-
buria intestinalis has been shown to reduce infammatory
markers and inhibit the progression of atherosclerotic lesions
[36]. Furthermore, FMT between mouse strains with difering
susceptibilities to atherosclerosis has revealed that gut
microbiota composition plays a crucial role in disease devel-
opment [37]. These fndings emphasize the importance of both
individual bacterial species and overall microbial community
structure in infuencing CVD risk.

4.2 | Gut Microbiota Dysbiosis

Dysbiosis, an imbalance in microbial communities, lacks a uni-
versally standardized defnition and can oversimplify complex
microbial dynamics. For the purpose of this review, we defne
dysbiosis as a maladaptive imbalance in the microbial com-
munity structure, characterized by a loss of diversity, a reduction
in benefcial commensals, and an expansion of pathobionts—
that disrupts host–microbe homeostasis and contributes to dis-
ease pathology [38]. A healthy gut microbiota is characterized by
a balanced ratio of Bacteroidetes to Firmicutes, which varies along
the alimentary tract due to factors such as pH, oxygen levels, and
nutrient availability [38]. Early studies utilizing 16S rRNA gene
sequencing identifed bacterial taxa associated with coronary
artery disease (CAD) [39].

Research has shown that CAD patients exhibit elevated levels of
Lactobacillales (Firmicutes) and reduced levels of Bacteroidetes
(Bacteroides and Prevotella) [40]. Moreover, metagenomic ana-
lyses have found that individuals with atherosclerotic CVD
harbor increased levels of Enterobacteriaceae and oral bacteria
while displaying lower levels of butyrate-producing bacteria [41].
HF patients demonstrate decreased microbial diversity, core
microbiota depletion, and increased susceptibility to Clostridium
difcile infections [42, 43]. Additionally, conditions of elevated
right atrial pressure have been linked to increased mucosal
bioflm formation, bacterial overgrowth, and colonization by
pathogenic species such asCandida, Campylobacter, and Shigella
[44]. Notably, reductions in butyrate-producing bacteria, in-
cluding Faecalibacterium prausnitzii and Lachnospiraceae, cor-
relate with elevated infammatory markers across HF patient
populations [42, 45].

4.3 | Immune Modulation

Growing evidence suggests that gut microbiota infuence CV
health by modulating immune cell activity, particularly T-cell
function [46, 47]. Microbiota transfer from infammatory-prone
mice to atherosclerosis-prone mice has been shown to accelerate
atherosclerotic plaque formation, likely due to elevated systemic
infammatory cytokines such as interleukin (IL)-1β, IL-2, and
interferon (IFN)-γ [48, 49]. Conversely, supplementation with
Bacteroides vulgatus and Bacteroides dorei has been found to
reduce plasma tumor necrosis factor-alpha (TNF-α) levels and
atherosclerotic lesions [49]. Similarly, administering Lactoba-
cillus plantarum ATCC 14917 mitigated lesion formation by
decreasing oxidized LDL, TNF-α, and interleukin-1 beta (IL-1β)
levels. The presence of Roseburia and Blautia has been associated
with lower plasma cholesterol, TNF-α, IL-1β, and atherosclerotic
burden [50, 51]. Additionally, dietary salt intake has been linked
to hypertension via gut microbiota alterations. High salt con-
sumption depletes Lactobacillus murinus, resulting in increased
blood pressure, while supplementation restores balance by
modulating T helper 17 (TH17) cell activity, thereby providing
potential therapeutic avenues for hypertension
management [52].

4.4 | Barrier Dysfunction

The intestinal barrier, composed of mucus layers, tight junctions,
and immune defenses, prevents bacterial translocation. This
relationship is bidirectional: barrier compromise allows LPS
translocation, but LPS itself, a structural component of Gram-
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negative bacterial cell walls, can directly impair tight junction
proteins, further increasing permeability and creating a vicious
cycle of endotoxemia and infammation [53]. Patients with CVD
exhibit elevated endotoxin levels, with hepatic vein blood con-
taining higher concentrations than ventricular blood [54, 55].
Certain bacterial species, such as Akkermansia muciniphila, help
maintain intestinal integrity. Treatment with A. muciniphila has
been shown to reduce endotoxemia and aortic atherosclerosis in
ApoE-defcient mice [56]. Human studies further support the
therapeutic potential of pasteurized A. muciniphila, which was
found to lower circulating LPS levels in obese individuals [57].
These fndings suggest that strategies aimed at strengthening
intestinal barrier function and modulating gut microbiota may
ofer promising avenues for CVD prevention and treatment.

4.5 | Metabolite Dynamics

The gut microbiota functions as a metabolic organ, producing
bioactive compounds that act as signaling molecules in the host’s
systemic circulation. The balance between protective and pro-
atherogenic metabolites is a primary determinant of CV health.

SCFAs, produced primarily by the fermentation of dietary fbers
by bacteria such as Faecalibacterium and Roseburia (including
acetate, propionate, and butyrate) exert crucial cardioprotective
efects. Mechanistically, SCFAs function as histone deacetylase
(HDAC) inhibitors, which downregulate pro-infammatory gene
expression in the vascular endothelium. Furthermore, they in-
teract with G-protein-coupled receptors (GPR41 and GPR43) to
regulate blood pressure via renin secretion control and vasodi-
lation [58, 59]. Conversely, TMAOs represents a key pro-
atherogenic metabolite. Gut bacteria metabolize dietary nutri-
ents containing TMA moieties, specifcally choline, phosphati-
dylcholine, and L-carnitine found in red meat and eggs into TMA

[60]. TMA is absorbed and oxidized in the liver by favin-
containing monooxygenases (FMO3) to form TMAO. TMAO
promotes CV pathology through three distinct mechanisms: (1)
inhibition of reverse cholesterol transport, (2) upregulation of
scavenger receptors (CD36 and SR-A1) on macrophages leading
to foam cell formation, and (3) enhancement of platelet hyper-
reactivity and thrombosis risk [60–63].

Dysbiosis-induced barrier dysfunction facilitates the trans-
location of LPS, an endotoxin, into the circulation. LPS binds to
Toll-like receptor 4 (TLR4) on endothelial and immune cells,
triggering the NF-κB infammatory cascade and driving systemic
infammation [64, 65]. Additionally, gut bacteria modulate the
bile acid pool; secondary bile acids act as signaling molecules on
farnesoid X receptors (FXR) and TGR5, infuencing lipid and
glucose metabolism [65]. Collectively, these fndings highlight
the dual impact of gut microbiota metabolites on CV health, with
SCFAs exerting protective efects while TMAO and LPS con-
tribute to disease progression. Maintaining microbial balance is
thus essential for CV health [60–65]. Figure 1 explores the in-
tegrated mechanistic pathway of the gut–heart axis, and Table 1
outlines a comprehensive summary of microbial infuences on
CV function.

5 | Gut Microbiota and Specifc CVDs

5.1 | Atherosclerosis

Atherosclerosis is a chronic infammatory condition driven by
dysregulated lipid metabolism and an inappropriate immune
response, leading to cholesterol-rich macrophage accumulation
within arterial walls [66]. Research utilizing 16S rRNA gene
pyrosequencing has revealed that atherosclerotic plaques contain

Gut lumen Circulation/liver Cardiovascular targets

Dietary choline &
carnitine

Gut microbiota
(TMA lyase)

TMA

Dietary fiber

Fermentation
(firmicutes/bacteroidetes)

Dysbiosis
(gram-negatives)

Secondary bile acids
(gut)

Liver
(FMO3 enzyme)

TMAO

SCFAs
(butyrate, acetate)

Vasodilation (GPR41/43)
anti-inflammatory

TLR4 activation systemic inflammation
(cytokine storm)

LPS translocation
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FIGURE 1 | Integrated mechanistic pathways of the gut–heart axis.
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bacterial DNA with phylotypes commonly found in the gut
microbiota. The quantity of bacterial DNA in plaques is corre-
lated with infammation, suggesting potential microbial trans-
location [66, 67]. Certain bacteria, such as Streptococcus and
Veillonella, can directly infuence plaque composition, while
Pseudomonas, Klebsiella, and Chlamydia pneumoniae have also
been identifed within atherosclerotic lesions [68]. However,
most studies have not established a defnitive link between
plaque microbiota composition and clinical outcomes such as
plaque rupture or CV events [68–70].

Metabolically, the progression of atherosclerosis is heavily
infuenced by the TMAO pathway described in Section 4.5. El-
evated plasma TMAO levels are strongly correlated with in-
creased atherosclerotic burden and major adverse cardiovascular
events (MACE) in humans [71]. In animal models, dietary
suppression of TMA generation attenuates plaque formation,
confrming a causal role [72]. Conversely, the depletion of SCFA-
producing bacteria reduces the availability of butyrate, removing
its protective inhibition of vascular infammation and acceler-
ating plaque progression [72–74].

5.2 | Hypertension

Hypertension is a major modifable risk factor for CVD and is
strongly associated with gut microbiota dysregulation [75, 76].
Alterations in microbial composition include an increased Fir-
micutes-to-Bacteroidetes (F/B) ratio, a reduction in SCFA-
producing bacteria, an expansion of lactic acid bacteria, and
an increase in Proteobacteria and Cyanobacteria [69].

Mechanistically, the reduction of SCFAs impairs blood pressure
regulation. As noted in Section 4.5, SCFAs normally interact with
GPR41 to mediate vasodilation. In hypertensive animal models,
reduced SCFA availability leads to increased peripheral vascular
resistance and vascular remodeling [77–80]. Furthermore, high
salt intake, a known risk factor for hypertension, has been shown
to deplete Lactobacillus murinus; supplementing with this
bacterium prevents salt-sensitive hypertension by modulating T
helper 17 (TH17) cell activity. Conversely, elevated TMAO levels
contribute to hypertension by prolonging the pressor efects of
angiotensin II and inducing endothelial dysfunction via oxidative
stress [81–83]. Probiotic interventions aimed at restoring the
SCFA-producing population have shown promise in lowering
systolic blood pressure by mitigating these vascular in-
fammatory responses [84].

5.3 | Arrhythmia

Atrial fbrillation (AF) is the most common sustained arrhythmia
and is increasingly linked to the systemic infammation driven by
gut dysbiosis. The “gut-heart” connection in AF is mediated
primarily through infammatory signaling and structural
remodeling of the atria [85]. Dysbiosis contributes to AF pro-
gression by compromising the intestinal barrier, leading to ele-
vated circulating LPS [85–87]. LPS activates NLRP3
infammasomes in atrial cardiomyocytes, promoting the release
of pro-infammatory cytokines IL-1β and IL-18. This in-
fammatory milieu promotes atrial fbrosis, a substrate for re-
entrant arrhythmias [86]. Additionally, elevated TMAO levels
have been implicated in enhancing atrial autonomic remodeling
and increasing susceptibility to AF [88–90]. TMAO promotes M1
macrophage infltration in atrial tissue, exacerbating

infammation and fbrosis. Conversely, bile acids modulate this
risk; the activation of FXR by secondary bile acids has been
shown to inhibit the infammatory cascades that trigger AF,
suggesting that maintaining a healthy bile acid metabolism is
protective against arrhythmia development [91–94]. Figure 2
illustrates the relationship between gut microbiota, in-
fammation, and AF.

5.4 | HF

HF is primarily caused by myocardial dysfunction resulting from
conditions such as CAD, hypertension, and metabolic disorders
[95]. Emerging evidence highlights a bidirectional relationship
between gut microbiota and HF. Dysbiosis induces systemic
infammation, oxidative stress, and metabolic dysregulation,
exacerbating myocardial dysfunction [95, 96].

According to the “gut hypothesis of HF,” alterations in gut
permeability and microbiota composition—caused by reduced
cardiac output, intestinal edema, and altered gut motility—
worsen HF outcomes [97]. Patients with HF exhibit increased
intestinal colonization by pathogenic bacteria such as Cam-
pylobacter, Shigella, and Salmonella, leading to enhanced sys-
temic infammation [44]. Additionally, LPS binds to Toll-like
receptor 4 (TLR4) on cardiomyocytes, cardiac fbroblasts, and
macrophages, promoting pro-infammatory cytokine release and
myocardial damage via NLRP3 infammasome activation
[98, 99].

SCFA-producing bacteria, including Eubacterium, Faecali-
bacterium, and Ruminococcus, are reduced in HF patients,
whereas overgrowth of proinfammatory Proteobacteria is
commonly observed [100, 101]. Restoring gut microbiota balance
through probiotic or prebiotic interventions has demonstrated
improvements in infammatory markers and clinical outcomes
[102]. TMAO contributes to myocardial hypertrophy and fbrosis
by activating Smad3 signaling, leading to left ventricular dilation
and increased brain natriuretic peptide levels. Additionally,
infammaging, a chronic low-grade infammatory state associ-
ated with aging, has been linked to gut dysbiosis in elderly HF
patients [103–105].

5.5 | Stroke

Gut microbiota and its metabolites regulate the progression of
neurological disorders, including ischemic stroke [106]. Dysbiosis
alters the intestinal environment, afecting nutrient absorption,
immune homeostasis, and systemic metabolism, thereby increasing
the risk of ischemic stroke via mechanisms such as hypertension
and diabetes [107]. Furthermore, stroke severity and prognosis are
infuenced by gut microbiota alterations, which modulate immune
responses, infammation, and thrombosis [108].

The microbiota–gut–brain axis facilitates bidirectional commu-
nication between the gut and central nervous system through
neural, endocrine, and immune pathways [109–111]. Microbial
metabolites such as SCFAs contribute to brain–gut barrier in-
tegrity, mitigate oxidative stress, and reduce neuroinfammation
following an acute ischemic stroke (AIS) [112]. Additionally,
poststroke bacterial translocation may contribute to stroke-
associated infections, with autonomic nervous system over-
activation and excessive glucocorticoid release exacerbating gut
dysbiosis and intestinal permeability [113].
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5.6 | Pulmonary Thromboembolism

Dysbiosis has been implicated in increased venous thrombo-
embolism risk, particularly by reducing benefcial commensal
bacteria and an overgrowth of pathogenic Gram-negative bac-
teria, such as Enterobacteriaceae. LPS, a glycolipid component of
the Gram-negative bacterial outer membrane, induces hyper-
coagulability by binding Toll-like receptors on endothelial cells
and platelets, activating the coagulation cascade. TMAO en-
hances platelet hyper-reactivity and promotes thrombus for-
mation, further increasing pulmonary thromboembolism
susceptibility [114].

Recent research has explored prebiotic and probiotic in-
terventions to counteract gut dysbiosis-related thrombogenesis,
with resveratrol emerging as a promising candidate for miti-
gating hypercoagulability and reducing thrombotic risk [115].

6 | Infuence of Diet and Lifestyle on Gut
Microbiota and CV Health

The composition and function of gut microbiota are profoundly
infuenced by diet, but other lifestyle factors, including exercise
and sleep, also play a crucial role. The dynamic interplay between
dietary habits, gut health, and immune function has been well
documented, with growing evidence supporting the impact of gut
microbiota on CV health [116]. Diet-driven changes in gut mi-
crobial populations can infuence susceptibility to infections and
systemic infammation, thereby afecting CV outcomes.

The human GI tract hosts a diverse microbial community,
predominantly residing in the large intestine, where the fer-
mentation of undigested carbohydrates, proteins, and fbers
produces SCFAs [117]. These SCFAs, such as butyrate, acetate,
and propionate, are essential in modulating immune responses

Dysbiosis

Systematic
inflammation

NLRP3
inflammasome

activation

Autonomic
remodelling

Structural
remodelling

Electrical
remodelling

Atrial
fibrillation

Increased intestinal permeability 
Changes in the production of TMAO, SCFAs, and LPS

FIGURE 2 | Relationship between gut microbiota, infammation, and atrial fbrillation.
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and metabolic pathways. The predominant bacterial genera in
the large intestine include Bifdobacterium, Lactobacillus, Bac-
teroides, Clostridium, Escherichia, Streptococcus, and Rumino-
coccus. Given the intricate relationship between gut microbiota
and CV homeostasis, lifestyle choices that alter gut microbial
composition can signifcantly impact the gut–heart axis
[116–118].

6.1 | Mediterranean Diet (MD)

MD has been extensively studied for its CV benefts, primarily
due to its emphasis on plant-based foods such as legumes,
whole grains, nuts, fruits, vegetables, and extra virgin olive
oil. This diet is rich in omega-3 polyunsaturated fatty acids
(PUFAs), which exert antiatherogenic and anti-infammatory
efects by activating peroxisome proliferator-activated re-
ceptor gamma (PPAR-γ) and inhibiting nuclear factor kappa B
(NF-κB), thereby reducing the production of pro-
infammatory cytokines like TNF-α. As a result, adherence
to the MD is associated with a reduced risk of CAD, in-
fammatory bowel disease, and other chronic infammatory
conditions [119, 120].

Beyond its direct CV benefts, the MD promotes gut microbial
diversity. Its high fber content fosters the growth of Bac-
teroides species and enhances gut acidifcation, which sup-
ports a balanced microbial ecosystem [120, 121]. Moreover,
the fermentation of dietary fbers in the MD produces SCFAs,
particularly butyrate, which has been linked to lower rates of
CVD and even some cancers [122]. A controlled trial by
Kimble et al. demonstrated that MD consumption increases
the abundance of Adlercreutzia equolifaciens, a bacterium
involved in polyphenol metabolism, and F. prausnitzii,
a butyrate-producing species with potent anti-infammatory
properties [121–123].

6.2 | Western Diet (WD)

In contrast, WD—characterized by high intakes of saturated
fats, refned carbohydrates, sugars, processed foods, and red
meats—has been associated with dysbiosis and adverse CV
outcomes [121, 122]. Prolonged consumption of WD pro-
motes the secretion of LPS and chylomicron accumulation,
fostering an increased abundance of Gram-negative bacteria
such as Alistipes and Bacteroides. This shift compromises
intestinal tight junction integrity, facilitating LPS trans-
location into the bloodstream and triggering systemic in-
fammation through elevated TNF-α, interferon-gamma
(IFN-γ), and IL-1β. Over time, this chronic infammatory state
contributes to endothelial dysfunction, hypertension, and
atherosclerosis [120, 124, 125].

A 3-year study by Tang et al. found that high dietary phos-
phatidylcholine—a component abundant in WD—leads to the
production of TMAO, a gut-derived metabolite strongly associ-
ated with an increased risk of atherosclerosis [126]. Additionally,
the combination of a sedentary lifestyle and excessive con-
sumption of sugar-sweetened beverages and alcohol further
exacerbates gut barrier disruption. A study by Dr. Leclercq on 60
patients demonstrated that alcohol consumption signifcantly
alters gut microbial balance, leading to long-term cardiac and
metabolic dysfunction [127].

6.3 | Polyphenols and Gut Health

Dietary polyphenols, found in plant-based foods such as fruits,
vegetables, tea, cocoa, and wine, have been widely studied for
their antioxidant and cardioprotective properties [128, 129].
These compounds enhance gut microbial diversity by promoting
the growth of benefcial bacteria like Bifdobacterium and Lac-
tobacillus. Red wine polyphenols, in particular, have been linked
to increased levels of Bacteroides, a genus associated with met-
abolic health benefts [128, 129].

Polyphenol-rich diets act as prebiotics, fostering the activity of
benefcial microbes and improving nutrient absorption [128–
130]. Bifdobacterium, a common probiotic, has been shown to
support immune function, protect against infammatory bowel
disease, and reduce cancer risk. Additionally, cocoa-derived
polyphenols have been associated with increased high-density
lipoprotein (HDL) levels and reduced plasma triacylglycerol and
infammatory markers [129, 130]. Furthermore, polyphenols
exert antibacterial activity against harmful pathogens like
Staphylococcus aureus and Salmonella while limiting the growth
of pathogenic Clostridium species [130]. Hydroxycinnamic acid,
a polyphenol subtype, has demonstrated hepatoprotective, an-
tiobesity, and CV benefts [129–131]. Moreover, favonoids from
polyphenol-rich foods act as free radical scavengers, reducing
blood lipid levels and cholesterol [132].

6.4 | Exercise and Microbiota Modulation

Physical activity is another crucial modulator of gut microbiota
composition. Regular exercise enhances microbial diversity and
improves the Bacteroidetes-to-Firmicutes ratio, which is linked to
better weight management and metabolic health. Exercise pro-
motes the proliferation of benefcial microbes that reinforce gut
barrier integrity and mucosal immunity [133].

During exercise, skeletal muscle contractions stimulate the re-
lease of myokines, such as interleukin-6 (IL-6), which sub-
sequently enhance the secretion of glucagon-like peptide-1 (GLP-
1), a key regulator of glucosemetabolism [133, 134]. Exercise also
increases SCFA production, leading to improved gut integrity,
reduced systemic infammation, and enhanced metabolic func-
tion [134, 135]. A randomized controlled trial (RCT) by Zhong
et al. demonstrated that aerobic exercise in women signifcantly
improved gut microbiota diversity, with benefcial microbial
shifts associated with reduced CV risk factors. Using 16S rRNA
sequencing, the study identifed increased health-promoting
bacterial genera, reinforcing the connection between physical
activity, gut health, and CV well-being [136].

7 | Therapeutic Interventions

The gut microbiota, a complex ecosystem of microorganisms
residing in the GI tract, plays a pivotal role in overall health,
including CV well-being. This has spurred growing interest in
therapeutic interventions targeting the gut microbiota as ameans
to prevent and manage CVDs. Current strategies include pro-
biotics, prebiotics, FMT, and pharmacological approaches.

7.1 | Probiotics and Prebiotics

Probiotics—live microorganisms that confer health benefts—
and prebiotics—nondigestible food components that promote the
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growth of benefcial bacteria—have been extensively studied for
their cardioprotective efects. Clinical trials demonstrate their
efcacy in modulating CV risk factors. For instance, a trial in
patients with type 2 diabetes mellitus (T2DM) found that a 6-
week course of probiotic supplementation signifcantly reduced
blood pressure and the Framingham risk score [137]. Similarly,
a meta-analysis confrmed signifcant reductions in blood pres-
sure, total cholesterol, LDL-C, serum glucose, HbA1c, and BMI
alongside increased HDL-C levels [138]. These efects were
particularly pronounced with prolonged interventions, higher
dosages, and in individuals with metabolic disorders.

The benefts of probiotics are strain-specifc. Strains such as
Lactobacillus acidophilus, L. plantarum, L. fermentum, and
L. gasseri have demonstrated improvements in blood pressure
and lipid profles. Additionally, L. rhamnosus GR-1 and Limo-
silactobacillus reuteri RC-14 contribute to urogenital health in
women, indirectly supporting overall well-being [139]. Multi-
strain probiotic formulations often exhibit superior efcacy
compared to single-strain interventions, enhancing CV health
outcomes more efectively. Specifc strains like Limosilactoba-
cillus reuteri TF-7, Enterococcus faecium TF-18, and Bifdo-
bacterium animalis TA-1 have demonstrated
hypocholesterolemic efects, synergistically improving lipid
profles and gut microbiota composition [140, 141]. The mech-
anisms underlying these benefts include SCFA production, bile
salt hydrolase activity, lipid metabolism regulation, and modu-
lation of systemic infammation, all of which contribute to im-
proved CV health [141].

7.2 | FMT

FMT, the process of transferring gut microbiota from a healthy
donor to a recipient, is an emerging intervention primarily used
for Clostridioides difcile infections. Its potential in CV health is
under investigation. Preclinical studies suggest that FMT can
infuence atherosclerosis development by modifying gut
microbiota composition and reducing systemic infammation
[111]. However, human studies remain limited.

Potential CV benefts of FMT include improved metabolic pro-
fles, modulation of gut-derived infammation, and reduction in
infammatory markers associated with metabolic syndrome.
Despite its promise, FMT presents several challenges, including
limited direct evidence for CV disease, risks of infection trans-
mission, variability in outcomes, and ethical and regulatory
concerns. Further research with standardized protocols and
large-scale clinical trials is needed to establish its efcacy and
safety for CV applications [142].

7.3 | Pharmacological Approaches

Targeting gut microbial metabolites ofers another avenue for CV
intervention. One of the most well-researched microbial me-
tabolites is TMAO, which is derived from dietary choline and
carnitinemetabolism by gut bacteria. Elevated TMAO levels have
been linked to atherosclerosis and adverse CV events [143].
Pharmacological strategies to reduce TMAO include [144]

1. inhibiting TMA production by targeting microbial enzymes
responsible for its generation,

2. blocking the hepatic conversion of TMA to TMAO, and

3. using nonlethal inhibitors that selectively suppress TMA-
producing pathways without disrupting overall gut
microbiota balance.

Reducing TMAO levels has shown promise in lowering CV risk
factors, including platelet reactivity and thrombosis risk. Other
gut-derived metabolites, such as SCFAs and bile acids, also play
crucial roles in CV health, ofering additional therapeutic op-
portunities through diet, probiotics, and pharmacological agents
[144–146].

7.4 | Emerging Therapeutic Strategies

The gut–heart axis underscores the role of gut microbiota in
regulating host metabolism, infammation, and immune re-
sponses. Emerging therapeutic strategies target bacterial me-
tabolites, enhance intestinal barrier function, and modulate
infammatory pathways [147].

Next-generation probiotics (NGPs), engineered for enhanced
stability and targeted disease management, represent a promis-
ing advancement in microbiota-based therapy. The integration of
synthetic biology and bioinformatics is facilitating more precise
interventions [148, 149]. Future directions include [147–149]

• personalized microbiota-based therapies tailored to indi-
vidual gut microbiome profles,

• multistrain probiotic formulations optimized for CV
benefts,

• advanced probiotic delivery systems ensuring greater
efcacy, and

• combined prebiotic and probiotic interventions to maximize
gut microbiota modulation.

8 | Challenges

Despite the growing recognition of gut microbiota’s role in CV
health, several key challenges remain. One of the foremost
difculties is distinguishing causation from correlation. While
numerous studies have established associations between gut
dysbiosis and CVD, defnitive proof that gut microbiota alter-
ations directly contribute to the development or progression of
CVD is still lacking. Large-scale, longitudinal studies and
interventional RCTs targeting microbiota modulation are needed
to clarify causal relationships. To highlight the translational gap,
Table 2 contrasts the causal mechanisms established in murine
models with the clinical associations observed in human studies.

Another signifcant hurdle is elucidating the precise mechanisms
underlying the gut–heart axis. Proposed pathways such as TMAO
production, SCFAs, and infammation play integral roles, but
their interactions and relative contributions remain unclear.
Multiomics approaches integrating genomics, metabolomics,
and proteomics are essential to unravel the complex interplay
between gut microbiota, host metabolism, and CV function.
Identifying key microbial species and their metabolites will be
critical in refning therapeutic targets.

Interindividual variability in gut microbiota composition further
complicates the development of universal interventions. Factors
such as genetics, diet, lifestyle, and environmental exposures
contribute to signifcant heterogeneity, necessitating a more
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personalized approach. Stratifying individuals based on micro-
biota profles may enhance intervention efcacy, but this re-
quires advanced profling techniques and robust data analysis
methods. Additionally, inconsistencies in study designs, sample
collection, sequencing technologies, and data interpretation
hinder reproducibility. Establishing standardized protocols for
gut microbiota research, including uniform methodologies for
assessing gut barrier function and systemic infammation, is
crucial for generating reliable and comparable data.

Translating microbiota research into efective clinical therapies
also presents considerable challenges. Identifying optimal pro-
biotic strains, prebiotics, and microbiota-modulating strategies,
along with developing efcient delivery systems, remains an
ongoing endeavor. Long-term safety and efcacy must be
established through extensive RCTs, with careful consideration
of potential adverse efects. Furthermore, the intricate interplay
between diet, lifestyle, and gut microbiota makes it challenging
to isolate the specifc contributions of microbiota modifcations
to CV outcomes.

Finally, the long-term impact of gut microbiota modulation on
CV health is largely unknown. While short-term studies have
demonstrated promising results, longitudinal research is needed
to assess the durability of interventions and their infuence on
CVD onset, progression, and prognosis. Addressing these chal-
lenges will be pivotal in unlocking the full potential of gut
microbiota–based strategies for CVD prevention and treatment.
Figure 3 summarizes the key challenges.

9 | Future Directions

Advancing our understanding of the gut microbiota’s role in CV
health requires a multifaceted approach, integrating emerging
technologies and novel therapeutic strategies. Precisionmedicine
will play a central role by incorporating gut microbiota profling
alongside clinical and multiomics data, enabling tailored in-
terventions for CVD prevention and management.

Developing NGPs with enhanced functionality and targeted
delivery mechanisms holds promise for improving therapeutic
efcacy. Engineered probiotics capable of producing specifc
metabolites or colonizing targeted gut sites may ofer more
precise interventions. Similarly, FMT protocols need optimiza-
tion for CVD applications, focusing on identifying benefcial
microbial consortia, ensuring safety, and standardizing donor
selection and stool processing.

Pharmacological strategies targeting harmful microbial metab-
olites or modulating gut microbiota composition present another
exciting avenue. Identifying novel drug targets and selective
inhibitors could mitigate adverse CV efects associated with
dysbiosis. A systems biology approach, integrating multiomics
data with computational modeling, will be crucial in deciphering
the complex interactions between gut microbiota, host meta-
bolism, and the CV system, ultimately facilitating the identif-
cation of key therapeutic pathways.

To translate these advancements into clinical practice, large-
scale RCTs are essential to assess the safety and efcacy of gut
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FIGURE 3 | Key challenges in gut microbiota and cardiovascular health research.
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microbiota-modulating interventions. Further research into the
gut–heart axis will be critical in uncovering underlying mech-
anisms and novel therapeutic targets, particularly in relation to
blood pressure regulation, infammation, and other CV
processes.

Finally, a preventative approach focusing on early-life in-
terventions to promote a healthy gut microbiota may have
profound implications for long-term CV health. Investigating the
microbiota’s role in CV development and identifying strategies to
optimize gut health from a young age could be a pivotal step in
reducing CVD risk later in life.

10 | Conclusion

The gut microbiota is no longer viewed merely as a commensal
ecosystem but as a modifable determinant of CV pathology. The
“gut–heart axis” operates through defned molecular pathways,
principally the balance between protective SCFAs and pro-
atherogenic mediators such as TMAO and LPS. These micro-
bial signals are integral to the pathogenesis of atherosclerosis,
hypertension, and arrhythmias, representing a signifcant ther-
apeutic frontier.

However, translating these mechanistic insights into clinical
utility requires overcoming substantial limitations. Current
paradigms rely heavily on murine models that do not fully re-
capitulate human CV physiology or microbiome complexity.
Future research must prioritize (1) the standardization of
“dysbiosis” defnitions to ensure reproducibility; (2) a shift from
cross-sectional association studies to longitudinal, interventional
human trials capable of establishing causality; and (3) the ap-
plication of multiomics to account for interindividual variability.

Ultimately, the evolution of CV medicine will likely necessitate
treating the microbial ecosystem as a functional organ. By in-
tegrating microbiome profling into risk stratifcation, we may
advance toward precision therapies, ranging from NGPs to se-
lective metabolite inhibitors that target the gut–heart axis to
improve long-term CV outcomes. Looking ahead, advances in
precision medicine, NGPs, and systems biology approaches hold
the potential to refne our understanding of the gut–heart axis. By
integrating these insights into clinical practice, researchers and
clinicians can develop more efective, personalized interventions
that improve CV outcomes and overall health. As the feld
continues to evolve, unlocking the full therapeutic potential of
gut microbiota may pave the way for innovative strategies to
combat CVD and enhance long-term well-being.
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