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ABSTRACT
Emerging evidence highlights the pivotal role of gut microbiota in regulating cardiovascular health and disease. The gut microbi-
ota, a diverse community of microorganisms residing in the gastrointestinal tract, interacts with its host through metabolites, im-
mune modulation, and systemic signaling pathways, collectively shaping cardiovascular physiology. Dysbiosis, or an imbalance 
in gut microbial composition, has been linked to various cardiovascular diseases (CVDs), including hypertension, heart failure 
and atherosclerosis. Key microbial metabolites such as short-chain fatty acids (SCFAs), trimethylamine N-oxide (TMAO) and li-
popolysaccharides (LPS) have been implicated in mechanisms involving endothelial, cardiac fibroblast, cardiomyocyte dysfunc-
tion, systemic inflammation, and metabolic dysregulation. This review explores the dynamic interplay between the gut and the 
heart, focusing on: gut microbiota composition and its alterations in CVD; microbial-derived metabolites and their mechanistic 
roles in cardiovascular pathophysiology; pathways linking gut dysbiosis to endothelial, cardiac fibroblast and cardiomyocyte 
dysfunction, inflammation, and immune responses; and therapeutic opportunities targeting the gut-heart axis, including dietary 
interventions, prebiotics, probiotics and emerging microbiota-based strategies. By unraveling these intricate relationships, we 
aim to provide a comprehensive understanding of how gut microbiota shape CVD pathophysiology and discuss potential avenues 
for novel therapeutics in precision medicine.

1   |   Introduction

The gut microbiota, composed of trillions of microorganisms 
(bacteria, archaea, viruses, and fungi), is a key regulator of 

human health, influencing physiological and pathological 
processes. It symbiotically develops with its host, producing 
short-chain fatty acids (SCFAs) like butyrate, acetate, and pro-
pionate through the degradation of substrates, nondigestible 
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polysaccharides, including dietary fibers and resistant starches, 
which support colonocyte energy, immune modulation, and me-
tabolism (Rios-Covian et al. 2016; Louis and Flint 2009; Correa-
Oliveira et  al.  2016; den Besten et  al.  2013). Additionally, it 
synthesizes essential nutrients, vitamin K, and B group vitamins 
including biotin, cobalamin, folates, nicotinic acid, pantothenic 
acid, pyridoxine, riboflavin, and thiamine (Hill 1997) and plays 
some pivotal functions in the development and modulation of 
the immune system, training immune cells to distinguish be-
tween pathogens and beneficial microbes (LeBlanc et al. 2013; 
Belkaid and Hand 2014). The gut microbiota can maintain epi-
thelial homeostasis to support the development of gut-associated 
lymphoid tissue (GALT) and also enhances epithelial cytokine 
production, which regulates the action of T and B lymphocytes, 
macrophages, and polymorphs, maintains gut barrier integrity, 
and prevents systemic inflammation (Belkaid and Hand 2014; 
Geem et al. 2014; Yoon and Kim 2018; Wu and Wu 2012; Round 
and Mazmanian  2009; Wells et  al.  2017; Jiang and Wu  2022). 
The microbiota also communicates bidirectionally with the 
central nervous system (CNS) via different pathways, includ-
ing endocrine, immune, metabolic, and neuronal pathways 
(Banfi et  al.  2021). In addition, gut metabolites and chemical 
substances, such as SCFAs and neurotransmitters produced 
by the gut microbiota directly influence mood, cognition, and 
behavior (Cryan et al. 2019; Carabotti et al. 2015). The healthy 
gut microbiota creates a competitive environment by occupying 
niches and prevents pathogen intestinal colonization through 
multiple mechanisms, including nutrient competition, and pro-
duces small antimicrobial peptides (Horrocks et  al.  2023). It 
regulates glucose and lipid metabolism by influencing insulin 
sensitivity, bile acid metabolism, and adipose tissue inflamma-
tion, playing a role in conditions like obesity and type 2 diabetes 
(T2D) (Zhao  2013; Kootte et  al.  2012). Dysbiosis—imbalances 
in microbial composition—is linked to various diseases, in-
cluding inflammatory bowel disease (IBD) and irritable bowel 
syndrome (IBS) (Franzosa et al. 2019); metabolic disorders like 
obesity, diabetes, and nonalcoholic fatty liver disease (NAFLD) 
(Canfora et al. 2019; Tilg and Moschen 2014); immune dysregu-
lation (allergies, asthma, and autoimmune diseases) (Round and 
Mazmanian 2009; Hooper and Macpherson 2010); and cardio-
vascular diseases (CVDs) (Wang et al. 2011; Tang et al. 2017).

Recent studies show that evidence of IBD is associated with 
CVDs such as coronary artery disease, atrial fibrillation, stroke, 
and heart failure (HF). Mechanisms between IBD and CVDs 
included atherosclerosis/endothelial dysfunction, dyslipidemia, 
thrombocytosis, dysbiosis of gut microbiota, and IBD medica-
tions (Chen et  al.  2022). It has been reported that gut dysbio-
sis in IBD increases intestinal permeability, allowing bacterial 
products to enter the bloodstream, which promotes inflamma-
tion and endothelial dysfunction, contributing to CVD (Sanchez 
Cruz et al. 2024). For instance, the alterations in the Firmicutes/
Bacteroidetes ratio associated with high blood pressure (BP) and 
the enrichment in Streptococcus spp.- Enterobacteriaceae, in-
cluding E. coli, which is observed in patients with IBD and CVD 
(Walker et al. 2011; Baumgart et al. 2007; Jie et al. 2017).

The gut and cardiovascular system interact through microbial 
metabolites, inflammatory pathways, neurohormonal signals, 
and the autonomic nervous system, forming the gut-heart axis 
(Singh et  al.  2024). Gut microbiota influences cardiovascular 

health by producing beneficial metabolites, regulating lipid 
metabolism, reducing inflammation, and supporting vascular 
function (Aziz et  al.  2024). For instance, SCFAs modulate BP 
by acting on G-protein-coupled receptors (GPR41/43), influenc-
ing vascular tone and inflammation (J. L. Pluznick  2017; Du 
et  al.  2024; Kristev et  al.  1991). Microbial-derived trimethyl-
amine (TMA) is converted in the liver to trimethylamine N-oxide 
(TMAO), which promotes atherosclerosis by increasing choles-
terol deposition and impairing reverse cholesterol transport 
(RCT) (Wang et al. 2011; Tang, Backhed, et al. 2019). Dysbiosis 
can increase gut permeability (leaky gut), allowing translocation 
of microbial products like lipopolysaccharides (LPS), triggering 
systemic inflammation and endothelial dysfunction, a hall-
mark of CVDs (Cani et al. 2007). Alternatively, conditions like 
HF and chronic hypertension can induce intestinal hypoper-
fusion, ischemia, and congestion, leading to altered microbial 
diversity and increased gut permeability (Kummen et al. 2018; 
Sandek et  al.  2007). Medications used in CVDs management, 
such as statins, beta-blockers, angiotensin-converting enzyme 
inhibitors, and platelet aggregation inhibitors, can modulate gut 
microbiota composition (Tuteja and Ferguson 2019). Restoring 
gut homeostasis through probiotics, prebiotics, dietary interven-
tions, and fecal microbiota transplantation (FMT) holds prom-
ise for cardiovascular therapy (Romero and Duarte 2023; Gan 
et al. 2024; Hu et al. 2019). Therefore, gut microbiota has an im-
pact on cardiovascular physiology, either directly or indirectly. 
This review explores the composition of gut microbiota and its 
changes in CVDs, the mechanistic roles of microbial-derived 
metabolites in cardiovascular pathophysiology, and the path-
ways connecting gut dysbiosis to endothelial, cardiac fibroblast 
and cardiomyocyte dysfunction, inflammation, and immune 
responses. We also discuss therapeutic interventions targeting 
the gut-heart axis, including dietary strategies, probiotics, and 
emerging microbiota-based approaches. By delving into these 
complex interactions, we aim to offer a comprehensive under-
standing of how gut microbiota influences CVDs pathophys-
iology and highlights potential pathways for developing novel 
therapeutics in precision medicine.

2   |   Gut Microbiota Composition and Diversity in 
Cardiovascular Health

The composition and diversity of gut microbiota are critical de-
terminants of cardiovascular health. Healthy gut microbiota is 
characterized by a balanced community of microorganisms, in-
cluding beneficial bacteria (e.g., Lactobacillus, Bifidobacterium) 
and other commensals that support metabolic, immune, and vas-
cular homeostasis (Zhu et al. 2020; Flori et al. 2024). Disruption 
of this balance can impair metabolic and immune functions, 
increasing susceptibility to disease (Yoo et al. 2020).

Cardiovascular factors, including aging, obesity, dietary pat-
terns, and a sedentary lifestyle, have been shown to induce gut 
dysbiosis. Dysbiosis is associated with intestinal inflammation 
and reduced integrity of the gut barrier, which in turn increases 
circulating levels of bacterial structural components such as LPS 
and microbial metabolites TMAO that may facilitate the devel-
opment of CVD (Novakovic et al. 2020). Another important CVD 
risk factor, cigarette smoke, can directly and indirectly alter the 
gastrointestinal barrier and upregulate enzymes involved in 
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oxidative stress (Caliri et al. 2021; Gallucci et al. 2020). A recent 
study demonstrated that the gut microbiota composition dif-
fers between smokers and nonsmokers, with smokers having a 
higher relative abundance of Actinobacteria and Cyanobacteria 
than nonsmokers, and these changes may have an impact on 
cardiovascular risk (Sublette et al. 2020).

2.1   |   Healthy or Optimal Gut Microbiota 
Composition

A healthy host–microorganism balance must be respected 
to optimally perform metabolic and immune functions and 
prevent disease development; it is different for everyone. 
Optimal gut microbiota is typically dominated by Firmicutes, 
Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, 
and Verrucomicrobia (Rinninella et  al.  2019). Also, the most 
abundant classes are Clostridia, Bacteroidia, Bifidobacteriales, 
Enterobacterales, and Lactobacillales. The most abundant fami-
lies include Bacteroidaceae, Lachnospiraceae, Ruminococcaceae, 
Odoribacteraceae, Rikenellaceae, Bifidobacteriaceae, 
Enterobacteriaceae, and Tannerellaceae, etc. (Dixit et al. 2021).

2.2   |   Common Factors Influencing Gut Microbiota 
Composition

Everyone possesses a unique gut microbiota influenced by var-
ious factors, particularly during early life (4–36 months). This 
period is critical for establishing core native microbiota, shaped 
by gut maturation, the development of enterotypes, birth gesta-
tional age, mode of delivery, feeding practices (e.g., breastfeeding 
or formula feeding), weaning, lifestyle, and dietary and cultural 
habits (Arrieta et al. 2015; Gensollen et al. 2016). By the age of 
2–3 years, the gut microbiota composition typically achieves rel-
ative stability (Rodriguez et al. 2015). For example, age-related 
shifts in gut microbiota have been well-documented, with mi-
crobial diversity decreasing in the elderly (Odamaki et al. 2016; 
Jandhyala et al. 2015). Similarly, the mode of delivery at birth, 
such as vaginal delivery versus cesarean section, significantly 
impacts initial microbial colonization (Nagpal et al. 2017; Wen 
and Duffy 2017). The composition of the gut microbiota is signifi-
cantly influenced by genetic and environmental factors, which 
have direct implications for CVD (Abdulrahim et  al.  2025; 
Stock  2013). Interpersonal microbiome variability has a total 
of 22%–36% of its origins from environmental factors, and only 
1.9%–19% is linked to genetics (Rothschild et al. 2018). Studies 
have shown a strong link between genetic loci and changes in 
gut microbiota (Kurilshikov et al. 2021). A genome-wide analysis 
revealed that the long-chain triglyceride locus encoding the en-
zyme lactase influenced the abundance of Bifidobacterium and 
this study suggests that dairy intake can modulate gut microbi-
ota genes (Qin et al. 2024). Another study has shown that genetic 
variants that are linked to changes in gut microbiota are also con-
nected to a higher chance of developing coronary artery disease 
(Khera et al. 2018). The gut microbiome is directly influenced 
by environmental factors such as diet, lifestyle, and antibiotics/
drugs. The nature and abundance of microbial metabolites can 
have either positive or negative effects on cardiovascular health. 
Studies show that the microbiota composition of vegetarian diets 
is beneficial because they increase the Prevotella enterotype, 

while diets with high animal protein foster the Bacteroides en-
terotype and other species related to proatherogenic metabolites 
and CVD (David et al. 2014; Kahleova et al. 2020). Certain gut 
microbes can reduce the effectiveness of cardiovascular drugs 
like digoxin; it may not be efficacious when Eggerthella lenta 
strains are abundant, since they inactivate this drug, while some 
medications like metformin can, in turn, alter the gut microbi-
ota by increasing harmful bacterial species like Escherichia-
Shigella (Zhao and Wang  2020). It has been reported that 
antibiotic-induced gut dysbiosis can activate different pathways 
and potentially increase the risk of CVDs (Kaur et  al.  2025). 
Antibiotic exposure is another critical factor, often disrupting 
microbial balance and reducing protective species (Goodrich 
et al. 2014; Ley et al. 2005; Turnbaugh et al. 2009). Antibiotics 
such as Azithromycin, Amoxicillin, Clindamycin, Vancomycin, 
Cephalexin, and Ciprofloxacin are commonly used to treat bac-
terial infections but also affect the beneficial bacteria and disrupt 
gut homeostasis by reducing diverse beneficial bacterial strains 
such as Bifidobacterium and Lactobacillus (Duan et  al.  2022; 
Yang et al. 2021). Tetracycline is a bacteriostatic antibiotic which 
suppresses bacterial growth, but it does not kill them, resulting 
in excess proliferation of gram-negative bacteria E. coli and 
overexpression of LPS-related genes and reducing the diversity 
of Bifidobacterium (Breijyeh et al. 2020; Elvers et al. 2020). The 
use of broad-spectrum antibiotics Penicillin and Amoxicillin 
can reduce the Bacteroides, Bifidobacterium, specifically 
Bifidobacterium adolescentis and Bifidobacterium bifidum, and 
Lachnospiraceae and Ruminococcaceae (Andrei et  al.  2025). 
Clarithromycin reduces the population of Enterobacteriaceae, 
Bifidobacterium, and Lactobacillus, while macrolides increase 
the population of Proteobacteriae (Elvers et  al.  2020; Korpela 
et al. 2016). Studies reported that the use of broad-spectrum an-
tibiotics can disrupt the balance of gut microbiota and make it 
more danger to the development of resistant species or patho-
bionts, such as E. coli, Enterococcus faecalis, and Clostridium 
difficile (Ianiro et  al.  2016). The antibiotic usage reducing the 
SCFAs producing bacteria such as Faecalibacterium prausnitzii, 
and Roseburia destroys the mucus layer and disrupts tight junc-
tions of the intestinal barrier, making the gut prone to infections 
(Zhang, Cheng, et al. 2021). Recent reports show that antibiotics-
induced gut dysbiosis can activate various pathways, potentially 
increasing the risk of CVDs through decreases in SCFAs, bile 
acid metabolism and increases in TMAO production, intestinal 
permeability allowing LPS and TMAO into systemic circula-
tion (Kaur et al. 2025). Perturbations in the gut microbiota have 
been linked to various human diseases, including CVDs (Jie 
et al. 2017; Cui et al. 2017; Troseid 2017) and hypertension (Li 
et al.  2017), and other diseases such as IBD, obesity, diabetes, 
allergies, and autoimmune disorders (Hasan and Yang  2019). 
These associations highlight the critical role of gut microbiota in 
health and disease (Figure 1).

2.3   |   Gut Dysbiosis and CVD

Dysbiosis alters microbial diversity, diminishes beneficial taxa, 
and promotes pathogenic microorganisms, which can lead to sys-
temic effects on metabolic, immune, and cardiovascular health 
(Table 1). Microbial signatures in dysbiosis include reduced abun-
dance of SCFA-producing bacteria (e.g., Faecalibacterium praus-
nitzii) and beneficial genera like Akkermansia and Roseburia 
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(Louis and Flint  2009; Geerlings et  al.  2018), increased levels 
of opportunistic pathogens (Enterobacteriaceae, Escherichia 
coli) and TMAO-producing bacteria (Lachnoclostridium, 
Anaerotruncus) which are linked to cardiovascular risk (Tang 
and Hazen 2017; Romano et al. 2015). Understanding the factors 
that shape microbiota and the mechanisms linking dysbiosis to 
cardiovascular pathology offers new opportunities for targeted 
interventions to promote heart health.

3   |   Microbial Metabolites and Cardiovascular 
Pathophysiology

Trillions of microorganisms reside in the human gut, contrib-
uting not only to nutrient and energy extraction from ingested 
food but also to the production of bioactive metabolic signaling 
molecules that influence health and disease, including CVDs 

(Wang and Zhao  2018). Gut microbiota-derived metabolites 
such as TMAO, SCFAs, bile acids (BAs), LPS, uremic toxins, 
phytoestrogens, and anthocyanins have been identified as key 
modulators of cardiovascular physiology and pathology (Wang 
and Zhao  2018) and more so, these have been implicated in 
the pathogenesis of CVD, when dysbiosis occurs in the gut 
(Figure 2).

Certain foods like red meat, cheese, seafood, and egg yolks 
contain phosphatidylcholine, choline, and L-carnitine (Wang 
et al. 2011, 2019; Romano et al. 2015; Koeth et al. 2013). TMA 
lyase containing functional microbial CutC/D genes help con-
vert choline into TMA (Witkowski et  al.  2020; Gérard  2020), 
which then enters the bloodstream and is oxidized in the liver by 
flavin monooxygenases (mainly FMO3) to form TMAO. TMAO 
contributes to CVD, for instance atherosclerosis through several 
mechanisms such as inflammation, foam cell formation, arterial 

FIGURE 1    |    Impact of diet and lifestyle on gut microbiota and heart health. A healthy diet (low-fat, high fiber) and an active lifestyle promote the 
beneficial gut bacteria growth, increase the helpful gut microbiota metabolites like SCFAs, and reduce the harmful gut microbiota metabolites like 
TMA/TMAO/LPS, maintain the normal blood pressure and heart function. An unhealthy diet (low fiber, high fat, high choline, and carnitine) and a 
sedentary lifestyle disrupt gut microbiota balance, increasing the harmful bacteria and gut microbiota metabolites while reducing the beneficial bac-
teria and gut microbiota metabolites. This leads to inflammation, high blood pressure, endothelial dysfunction, and cardiovascular diseases (CVDs). 
Other common factors like genetics, age, birth mode, and antibiotic use also affect gut bacteria and heart health. LPS, lipopolysaccharide; SCFAs, 
short-chain fatty acids; TMA, trimethylamine; TMAO, trimethylamine-N-oxide.
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TABLE 1    |    Gut dysbiosis and cardiovascular disease studies.

CVD condition Microbiome changes Metabolites changes Ref

Atherosclerosis ↑ Streptococcus anginosus, Atopobium 
parvulum, Actinomyces graevenitzii, 

Streptococcus mitis/oralis/pneumonia.
↓ Bacteroides xylanisolvens, 
Odoribacter splanchnicus, 

Eubacterium eligens, Roseburia 
inulinivorans, Roseburia intestinalis.

↓Propionate, butyrate, 
and isobutyrate

(Yoo et al. 2022)

↑ Streptococcus and Enterobacteriaceae ↓ SCFAs,
↑ TMAO

(Rodriguez et al. 2015)

Hypertension ↑ Acetobacteroides, Alistipes, 
Bacteroides, Barnesiella, Clostridium, 

Desulfovibrio, Megasphaera, 
Microvirgula, Parabacteroides.

↓ Lactobacillus, Olsenella, 
Paraprevotella, Prevotella, 

Romboutsia, Ruminococcus.

↓ SCFAs (butyrate),
↑ TMAO

(Mousa et al. 2022)

↑ Catabacter, Veillonella, Clostridium, 
Oscillibacter, Robinsoniella.

↓ Akkermansia Ruminococcus 
Anaerovorax Sporobacter 

Asaccharobacter

↓ SCFAs (Effendi et al. 2022)

↑ Gut microbial richness, diversity, 
Lactobacillus and Clostridia.

↓ Vitamin B12 (Nesci et al. 2023)

↑ Prevotella, Klebsiella ↓ 
microbial richness

↓ PSTN and HTN include 
phosphatidylserine (PS), 

3,4,5-trimethoxycinnamic 
acid, lysophosphatidylcholine 
(LysoPC), S-carboxymethyl-

L-cysteine, and 
lysophosphatidylethanolamine 

(LysoPE)

(Jandhyala et al. 2015)

↑ Collinsella, Clostridiales, Clostridium.
↓ Bacteroides, Roseburia, 

Eubacterium, Faecalibacterium.

↓ Beta-carotene (Onyszkiewicz et al. 2019)

CVD ↑ Roseburia, Eubacterium, 
Faecalibacterium.

↓ Escherichia, Shigella, 
Bilophila, Hungatella.

↑ Sphingomyelin
↓ Glycochenodeoxycholate, 
cis-aconitate, and uric acid

(Xu et al. 2022)

↑ Firmicutes and Bacteroidetes, 
F/B ratio and Bacteroides.

↓ SCFAs (Kimura et al. 2011)

CAD ↑ Escherichia-Shigella, Enterococcus.
↓ Faecalibacterium, Subdoligranulum, 

Roseburia, Eubacterium rectale.

↑ TMAO,
↓ butyrate

(Ke et al. 2018)

↓ Faecalibacterium prausnitzii 
and Bacteroides fragilis

↑ Enterobacteriaceae, Streptococcus, 
and Desulfovibrio

↑ plasma zonulin, 
TMAO, and IL-1B
↓ IL-10 and FOXP3 
mRNA expression

(Bonaz et al. 2017)

↑ Firmicutes phylum 
↓Firmicutes phylum

↑ TMAO, Dietary 
phosphatidylcholine

(Gensollen et al. 2016)

↑ Lactobacillales ↓Bacteroidetes Not reported (Gidron et al. 2007)

(Continues)
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cholesterol deposition, platelet hyperreactivity and thrombosis. 
It increases pro-inflammatory markers like IL-6, cyclooxygen-
ase 2 (COX-2), TNF-α, and IL-1β while reducing IL-10, an anti-
inflammatory cytokine (Yang, Li, et al. 2019; Seldin et al. 2016; 
Chen, Zheng, et  al.  2017). It activates stress proteins (HSP70, 
HSP60), promoting scavenger receptor (SR-A1, CD36) activation 
in macrophages, leading to oxidized LDL (ox-LDL) uptake and 
foam cell formation (Wang et al. 2011; Koeth et al. 2013; Yang, 
Li, et  al.  2019). TMAO suppresses RCT, causing cholesterol 
buildup in arteries and worsening plaques (Manco et al. 2010). 
TMAO could stimulate platelets to activate sub-maximal stimu-
lus including thrombin, adenosine diphosphate (ADP) and col-
lagen as well as to induce the release of intracellular calcium 
resulting in platelet hyperresponsiveness (Zhu et al. 2016).

High fat diet induces gut dysbiosis and impairs the gut barrier, 
which enhances LPS or pathogen translocation into the circu-
lation, causing endotoxemia that stimulates the release of sys-
temic pro-inflammatory cytokines (Cani et  al.  2008; Manco 
et  al.  2010). Once translocated in the bloodstream, endotoxin 
can trigger the damage of endothelial cells through interaction 
with Toll-like receptor 4 (TLR-4) on the cellular surface and en-
hance the generation of reactive oxygen species (ROS) to reduce 
endothelial nitric oxide (NO) bioavailability, resulting in the for-
mation of plaque and atherosclerosis lesion (Manco et al. 2010; 
Incalza et al. 2018).

Short-chain fatty acids like acetate, butyrate, and propionate 
are produced by gut bacteria when they ferment dietary fiber 
(Canfora et al. 2015) (Figure 2). SCFAs act through G-protein-
coupled receptors (Olfr78 and GPR41) to regulate BP and blood 
vessel function (J. Pluznick 2014). Studies show that acetate sup-
plementation improved gut health and reduced BP, cardiac fi-
brosis, and cardiac hypertrophy (Marques et al. 2017). Similarly, 

propionate protected against hypertension-related heart dam-
age, while butyrate-producing bacteria reduced atherosclerosis 
(Bartolomaeus et  al.  2019; Kasahara et  al.  2018). Propionate 
lowered BP in mice, while acetate and butyrate improved 
blood vessel health by increasing NO availability (Robles-Vera 
et al. 2020). A low-fiber diet results in low production of SCFAs 
by gut bacteria. With fewer SCFAs, BP rises, damaging the 
aortic endothelium and increasing the risk of CVD. The core 
mechanisms of SCFA action in the gut–heart axis involve ac-
tivation of G-protein-coupled receptor (GPCR), inhibition of 
histone deacetylase, and restoration of mitochondrial function 
(Yukino-Iwashita et al. 2022). These pathways work together to 
regulate cardiac function and maintain cardiovascular health. 
Recent studies have found that SCFAs can provide cardio pro-
tection through different mechanisms including modulating BP, 
encouraging postinfarction cardiac repair, anti-inflammation, 
and maintaining the gut barrier. SCFA modulating BP, for ex-
ample, propionate induces renin secretion and thus elevates 
BP through binding to the Olfr78 receptor, and propionate also 
acts as a powerful hypotensive by binding to Gpr41 SCFA recep-
tor, which is expressed in smooth muscle cells of small vessels 
(Pluznick et al. 2013). Promote postinfarction cardiac repair via 
inducing infiltration of CX3CR1+ monocytes in the peri-infarct 
zone (Tang, Chen, et al. 2019). SCFA act as anti-inflammation 
agents. For example, butyrate can reduce inflammation by in-
ducing Foxp3+ Treg cell proliferation and suppressing Th17 cell 
generation by activating GPCR 43 (Sivaprakasam et  al.  2016). 
SCFAs are also able to inhibit cardiac fibrosis via their anti-
inflammatory properties, which is a crucial pathological process 
in the development of HF (Palm et al. 2022). SCFAs play as a gut 
barrier-protective role via activating the hypoxia-inducible fac-
tor, butyrate to maintain the physiologic relative hypoxia state 
in colon epithelial mucosa, which is necessary in maintaining 
gut barrier function (Kelly et al. 2015). SCFAs serve as energy 

CVD condition Microbiome changes Metabolites changes Ref

HFpEF ↓ Ruminococcus ↓Firmicutes/
Bacteroides.

↓ SCFA (Karbach et al. 2016)

HFrEF ↑ Streptococcus, Veillonella ↓SMB53 ↓ SCFAs, Vit B5 (Mell et al. 2015)

Stable systolic HF ↑ Prevotella, Hungatella, 
Succinclasticum.

↓ Lachnospiracea, Blautia, 
Eubacteriumhalli, Ruminococcaceae, 
Faecalibacterium, Bifidobacteriaceae.

Not reported (J. L. Pluznick 2017)

HF ↑ Actinobacteria, Bifidobacterium, 
Escherichia/Shigella. ↓ Megamonas

↑ TMAO
↓ Propionate and acetate

(Festi et al. 2014)

↑ Candida, Campylobacter, 
Shigella, Yersinia.

↑ TNF-α, INF-γ ↓ IL-10, Vit B12 (Wang, Yang, et al. )

Chronic HF ↓ Coriobacteriaceae, 
Erysipelotrichaceae, 

Ruminococcaceae, and Blautia.

↑ TMAO (Aron-Wisnewsky et al. 2021)

Acute HF ↓ Eubacterium rectale, Dorea longicatena 
Depletion of Faecalibacterium

↑ TMAO (Baker et al. 2017)

Stable chronic HF ↑ Ruminococcus gnavus
↓ Faecalibacterium prausnitzii

↑TMAO (Baker et al. 2017)

TABLE 1    |    (Continued)
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sources while inhibiting histone deacetylase-regulated gene ex-
pression and activating GPCR signaling, leading to a boost in 
cardiac function (Wang, Li, et al. 2023). In vivo studies show that 
dietary supplementation of butyrate can prevent high-fat diet-
induced obesity and insulin resistance and nonalcoholic fatty 
liver disease via mechanisms related to the promotion of energy 
expenditure and induction of mitochondrial function (Henagan 
et  al.  2015; Gao et  al.  2009; Vinolo et  al.  2012; Mattace Raso 
et al. 2013). Butyric acid ameliorates rat myocardial fibrosis by 

regulating M1/M2 polarization of macrophages and promoting 
recovery of mitochondrial function in a transverse aortic con-
striction (TAC) model (Li et al. 2022).

Free fatty acid receptors (FFAR) are members of G protein-
coupled receptors such as FFA1 (GPR40), FFA2 (GPR 43), FFA3 
(GPR41) and FFA4 (GPR120), ligands are FFAs with different 
carbon chain lengths (Bartoszek et al. 2020; Offermanns 2014). 
FFA receptor types are essentially the SCFA receptors 

FIGURE 2    |    Microbial metabolites and their role in cardiovascular pathophysiology. High fat, low fiber foods and diet rich in phosphatidylcholine, 
choline, and L-carnitine (such as red meat, cheese, seafood, egg yolk, etc.) is metabolized by specific gut microbiota to TMA which is further oxidized 
in the liver by FMOs to produce TMAO. TMAO contributes to CVD through several mechanisms such as inflammation, foam cell formation, arterial 
cholesterol deposition and platelet hyperreactivity and thrombosis. HFD induced gut dysbiosis can impair the gut barrier which leads to enhanced 
LPS or pathogens translocating into the circulation causing endotoxemia that stimulates the release of systemic pro-inflammatory cytokines. These 
cytokines trigger damage of endothelial cells through interaction with TLR-4 on cellular surface and enhance the generation of ROS to reduce en-
dothelial NO bioavailability resulting in the formation of plaque and atherosclerosis lesion and thereby leads to CVD. A low-fiber diet results in de-
creased production of SCFAs by gut bacteria. SCFAs help regulate blood pressure by activating receptors like Olf78 and GPR41. With fewer SCFAs, 
blood pressure rises, damaging the aortic endothelium and increasing the risk of CVD. Primary BAs are synthesized from dietary fats or cholesterol 
via enterohepatic circulation. BAs activate receptors like FXR and TGR5, which help regulate lipid metabolism, glucose levels, and inflammation. 
However, an imbalance in bile acids can disrupt these pathways, increasing the risk of CVD. Dietary proteins rich in aromatic amino acids such as 
Phe could be converted into phenylacetic acid via the gut microbiota and then transferred into PAG in the liver. PAG acts on G-protein coupled recep-
tors including α2A, α2B and β2-ARs to facilitate platelet responsiveness, thrombosis potential to promote atherosclerotic leads to CVD. The other gut 
microbial derived metabolite: IS from Trp and pCS from Tyr could also predict CVD events in CKD patients which might be associated with uremic 
toxicity and endothelial dysfunction. Ars, adrenergic receptors; BAs, bile acids; CKD, chronic kidney disease; FMOs, flavin monooxygenases; FXR, 
Farnesoid X-activated receptor; GPR41, G-protein receptor 41; HFD, high fat diet; IS, indoxyl sulfate; NO, Nitric oxide; Olf78, olfactory receptor 78; 
PAG, phenylacetyl glutamine; pCS, p-cresol sulfate; Phe, phenylalanine; PXR, Pregnane X receptor; ROS, reactive oxygen species; SCFAs, short-
chain fatty acids; TGR5, Takeda G protein-coupled receptor 5; TLR-4, Toll-like receptor 4; TMA, trimethylamine; TMAO, trimethylamine-N-oxide; 
Trp, tryptophan; Tyr, tyrosine.
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(SCFARs), responding to all SCFAs, including acetic acid, pro-
pionic acid, and butyric acid. All FFA receptors are G protein-
coupled receptors (GPCRs) that play important roles in the 
regulation of metabolism, immunity, inflammation, hormone/
neurotransmitter secretion and as well play role in physiology 
cardiovascular system (Lymperopoulos et  al.  2022). FFAR1 
is present in the human heart and is elevated in HF, but it is 
not observed in rodent hearts, it is critical for understanding 
the role of FFA signaling in the context of CVD. FFAR4 is ex-
pressed in tissues that are closely linked to cardiometabolic 
disease, including the rodent and human heart. It can also 
be found in cardiac myocytes, fibroblasts, and macrophages. 
FFA receptor 4 is a nutrient sensor for long-chain fatty acids, 
like ω3-polyunsaturated fatty acids, that attenuates metabolic 
disease and resolves inflammation. The recent study reported 
that the mechanism of the cardioprotective effects of FFAR4 in 
cardiac myocytes via FFAR4-cPLA2a (cytosolic phospholipase 
A2a)-18-HEPE (18-hydroxyeicosapentaenoic acid) signaling 
(Murphy et al. 2022). FFARs are also involved in the regulation 
of arterial functions, including the proliferation, differentiation, 
migration, apoptosis, inflammation, and angiogenesis of vascu-
lar endothelial cells (VECs) and vascular smooth muscle cells 
(VSMCs). A recent study shows that FFARs, primarily activated 
by long-chain FA (palmitate, oleate, linoleate) and SCFA (ace-
tate, butyrate, propionate), trigger intracellular signaling via G 
proteins and β-arrestins in endothelial cells, thereby regulating 
arterial functions such as endothelial dysfunction, inflamma-
tion, angiogenesis, atherosclerosis, and BP (Yu et al. 2024).

Bile acids help digest and absorb dietary fats (Gerard  2013; 
Heaton 1969) (Figure 2). In the liver, primary BAs—cholic acid 
(CA) and chenodeoxycholic acid (CDCA)—are made from cho-
lesterol with the help of enzymes like cholesterol 7a-hydroxylase 
(CYP7A1), sterol-27-hydroxylase CYP27A1 and oxysterol 7a-
hydroxylase (CYP7B1), which are regulated by gut bacteria 
(Sayin et  al.  2013). Most primary BAs conjugated to glycine 
or taurine and are reabsorbed and recycled, while the rest are 
modified by gut microbes (Dawson et al. 2009). Bacteria such 
as Bifidobacterium and Lactobacillus deconjugate BAs, while 
Clostridium and Eubacterium convert them into secondary 
BAs like lithocholic acid (LCA) and deoxycholic acid (DCA) 
(Yao et al. 2018; Ridlon et al. 2006) and other bacteria such as 
Actinobacteria, Proteobacteria, Clostridium further modify 
BAs through oxidation and epimerization (Kisiela et  al.  2012; 
Lepercq et al. 2004). Once the microbial metabolized BAs enter 
the bloodstream, they activate receptors that regulate metabo-
lism and influence CVDs. The nuclear receptor-Farnesoid X 
Receptor (FXR) helps control lipid and glucose metabolism and 
protects against atherosclerosis by reducing plaque formation 
(Wahlstrom et al. 2016; Hartman et al. 2009). Takeda G protein-
coupled receptor 5 (TGR5) is activated by secondary BAs and 
reduces vascular inflammation, lowering plaque buildup (Pols 
et  al.  2011). Pregnane X Receptor (PXR), activated by second-
ary BAs like LCA, also plays a role in BA metabolism (Zhou 
et al. 2009). In addition to FXR, TGR5, and PXR receptors, other 
receptors like liver X receptor (LXR) and vitamin D receptor 
(VDR), as well as G protein-coupled receptors (muscarinic re-
ceptor, S1PR) and calcium-activated potassium (K+) channels 
(BK), are present in heart and blood vessel cells. These include 
heart muscle cells, endothelial cells, cardiac fibroblasts, and 
VSMCs. When BAs bind to these receptors, they trigger changes 

inside the cells that can impact heart disease risk. Through these 
interactions, BAs play a role in the development of heart-related 
conditions like cardiomyopathy, atherosclerosis, irregular heart-
beats (arrhythmia), and HF by influencing key factors involved 
in cardiovascular health (Zhang et al. 2023). While most studies 
are based on mice, human studies showed that lower BA levels 
are linked to worse survival in HF patients and more severe cor-
onary artery disease and heart attacks (Mayerhofer et al. 2017; 
Li, Shu, et al. 2020).

Aromatic amino acids (AAAs) like phenylalanine (Phe), tryp-
tophan (Trp), and tyrosine (Tyr) are found in protein-rich foods 
such as beef, pork, chicken, and fish (Zhang and Gerard 2022), 
(Figure  2). Recent studies have linked phenylacetyl glutamine 
(PAGln), a gut microbial metabolite from Phe, to major heart con-
ditions like heart attacks (MI), strokes, and coronary artery disease 
(Nemet et al. 2020; Yu et al. 2021; Ottosson et al. 2020). Gut bac-
teria convert Phe into phenylacetic acid, which is then processed 
in the liver to form PAGln. PAGln activates GPCR (α2A, α2B, β2-
adrenergic receptors), increasing platelet activity and thrombosis 
risk (Nemet et al. 2020). PAGln circulating levels were elevated in 
aged humans and mice (Saeedi Saravi et al. 2025). A recent report 
in human patients demonstrated PAGln levels were significantly 
higher in the coronary heart disease (CHD) group compared to 
the control groups (You and Gao 2025). Mechanistically, PAGln 
can enhance platelet adhesion and thrombus formation via ac-
tivation of adrenergic receptors and impose stable plaque forma-
tion leading to development of thrombosis and cardiovascular 
risk (You and Gao 2025). Similarly, gut microbes break down Trp 
into indoxyl sulfate (IS) and Tyr into p-cresol sulfate (PCS) (Lin 
et al. 2012; Glorieux et al. 2021). These metabolites are linked to 
CVD, especially in chronic kidney disease (CKD) patients, by 
causing uremic toxic effects and blood vessel damage (Figure 2). 
Collectively, the gut microbiota-derived metabolites play a crucial 
role in cardiovascular pathophysiology by regulating inflamma-
tion, lipid metabolism, and BP.

Other metabolites derived from gut microbial metabolism 
include indole derivatives, imidazole propionate (ImP), and 
succinate, which have been linked to risks of adverse cardio-
vascular events. Indole derivatives are microbial metabolites of 
Trp. Similar to PAGln, higher circulating levels of indole deriv-
atives are associated with major adverse cardiovascular events. 
However, some studies also suggest that specific indole metab-
olites, such as indole-3-acetic acid (IAA) and indole-3-propionic 
acid (IPA), may have beneficial associations with cardiometa-
bolic risk markers, including reductions in LDL cholesterol 
and improvements in vascular function (Mu et al. 2025). This 
highlights a complex, context-dependent relationship between 
different indole derivatives and cardiovascular health. ImP is a 
gut microbiota-derived metabolite from histidine metabolism. 
Elevated plasma ImP levels are consistently found in individ-
uals with established CVD and HF and are associated with 
increased risk of onset of T2D and obesity, CKD, progression 
of atherosclerotic plaques, and elevated mortality rates in HF 
(Zeng et al. 2025). Further, ImP has also been shown to impair 
glucose metabolism and insulin signaling, beyond contributing 
to cardiometabolic risk (Zeng et al. 2025). Succinate is produced 
both by the host and gut microbiota. Elevated circulating succi-
nate levels are observed in obesity, hypertension, ischemic heart 
disease, and T2D, all of which are major risk factors for CVD in 
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young adults (Osuna-Prieto et al. 2021). Mechanistically, succi-
nate can promote oxidative stress in macrophages, exacerbate 
endothelial dysfunction, and activate the GPR91 (SUCNR1) 
receptor, which can stimulate renin release and contribute to 
fibrogenesis (Shan et al. 2022). These pathways link succinate 
to the development and progression of atherosclerosis and other 
cardiovascular complications.

4   |   Pathways Linking Gut Dysbiosis to CVDs

4.1   |   Systemic Inflammation and Dysfunction 
of Endothelial Cells, Cardiac Fibroblasts, 
and Cardiomyocytes

One of the earliest consequences of systemic inflammation 
mediated by gut dysbiosis is endothelial dysfunction. Pro-
inflammatory cytokines and oxidative stress disrupt eNOS ac-
tivity, reducing NO bioavailability. NO is essential for vascular 
homeostasis, mediating vasodilation, inhibiting leukocyte ad-
hesion, and reducing platelet aggregation. Reduced NO levels 
lead to increased vascular stiffness and impaired blood flow 
(Maiuolo et  al.  2022). Furthermore, inflammatory mediators 
upregulate adhesion molecules such as intercellular adhesion 

molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 
(VCAM-1). These molecules promote leukocyte adhesion and 
transmigration into the endothelium, exacerbating vascular in-
flammation and promoting atherosclerotic plaque development 
(Alexandrescu et al. 2024). Importantly, TMAO has been impli-
cated in promoting endothelial inflammation and dysfunction 
through several mechanisms (Figure 3). TMAO inhibits the ex-
pression of sirtuin 3 (SIRT3) and the activity of superoxide dis-
mutase 2 (SOD2), leading to the accumulation of mitochondrial 
ROS (mtROS). This oxidative stress activates the nucleotide-
binding oligomerization domain-like receptor family pyrin 
domain-containing 3 (NLRP3) inflammasome, resulting in the 
production of pro-inflammatory cytokines IL-1β and interleu-
kin-18 (IL-18), which contribute to endothelial cell inflamma-
tion (Sun et al. 2016; Chen, Zhu, et al. 2017). Elevated circulating 
TMAO levels have been associated with decreased expression of 
sirtuin 1 (SIRT1), leading to increased oxidative stress. The re-
sultant excessive ROS accumulation and reduced SIRT1 activity 
further impair NO production, adding to endothelial dysfunc-
tion (Ke et al. 2018). TMAO upregulates VCAM-1 expression by 
activating the protein kinase C (PKC)/NF-κB signaling pathway. 
This process directly results in endothelial dysfunction, charac-
terized by reduced self-repair capacity and increased monocyte 
adhesion to the endothelium (Ma et al. 2017).

FIGURE 3    |    Pathways linking gut-derived metabolite TMAO to CVDs via endothelial, cardiac fibroblast and cardiomyocytes dysfunction. TMAO 
in endothelium inhibits the expression SIRT3 and the activity of SOD2, leading to the accumulation of mtROS. This oxidative stress activates the 
NLRP3 inflammasome resulting in the production of pro-inflammatory cytokines IL-1β and IL-18, which contribute to endothelial inflammation. 
Elevated circulating TMAO levels have been associated with decreased expression of SIRT1, leading to increased oxidative stress, resultant excessive 
ROS accumulation and reduced SIRT1 activity TMAO upregulates VCAM-1 expression by activating the protein kinase C (PKC)/NF-κB signaling 
pathway. This process directly results in endothelial dysfunction, characterized by reduced self-repair capacity and increased monocyte adhesion to 
the endothelium. TMAO in cardiac fibroblasts activating the TGF-βRI/Smad2/NLRP3 pathway and upregulation of α-SMA and collagen I expres-
sion which leads to the conversion to cardiac myofibroblasts. TMAO in cardiomyocytes triggers TGF-β1/Smad3 and p65 NF-κB signaling pathways 
and lowers energy metabolism and mitochondrial function by disrupting pyruvate and fatty oxidation, as well as the TCA cycle. It also adversely 
affects myocardial contractile function and intercellular calcium processing. TMAO also increased the expression levels of ANP and β-MHC, which 
caused myocardial hypertrophy and fibrosis through activation of the TGF-β1/Smad3 pathway. ANP, atrial natriuretic factor; IL-18, interleukin-18; 
mtROS, mitochondrial ROS; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3; SIRT1, sirtuin 1; 
SIRT3, sirtuin 3; SOD2, superoxide dismutase 2; β-MHC, major histocompatibility complex.
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Cardiac fibroblasts, which play a central role in maintaining the 
structural integrity of the heart, are also significantly affected 
by gut microbiota and their metabolites. Metabolites like TMAO 
and LPS promote the activation of cardiac fibroblasts into myo-
fibroblasts. This transition is associated with increased extracel-
lular matrix (ECM) deposition, leading to fibrosis and impaired 
myocardial compliance (Costa et  al.  2022). Chronic systemic 
inflammation driven by gut dysbiosis enhances the secretion 
of pro-inflammatory cytokines, such as IL-6 and TGF-β, which 
stimulate fibroblast activation and collagen synthesis. This con-
tributes to pathological remodeling and heart stiffness (Melendez 
et  al.  2010; Lijnen et  al.  2000; Annes et  al.  2003). Numerous 
animal studies have suggested that elevated TMAO levels are 
strongly linked to cardiac fibrosis and contribute to HF (Chen, 
Zheng, et  al.  2017; Zhang et  al.  2017; Li, Wu, et  al.  2019). The 
profibrotic mechanisms of TMAO in the myocardium closely re-
semble those observed in the kidney, primarily involving TGF-β 
and the NLRP3 inflammasome (Li, Geng, et al. 2019). Treatment 
of primary mouse cardiac fibroblasts with TMAO resulted in a 
dose-dependent increase in proliferation, migration, collagen se-
cretion, and the expression of profibrotic factors, including TGF-β 
and phosphorylated SMAD3 (Li, Geng, et al. 2019). Additionally, 
TMAO exposure enhanced NLRP3 inflammasome activation 
in cardiac fibroblasts, whereas siRNA-mediated knockdown 
of NLRP3 attenuated TMAO-induced proliferation, as well as 
TGF-β and collagen expression (Li, Geng, et al. 2019). A recent 
study demonstrates that TMAO or a high choline diet aggravates 
cardiac function and the transformation of fibroblasts into myofi-
broblasts by activating the TGF-βRI/Smad2 pathway. It enhanced 
TGF-β receptor I expression, leading to increased Smad2 phos-
phorylation and upregulation of α-SMA and collagen I expression 
(Yang, Zhang, et al. 2019) (Figure 3). Furthermore, TMAO has 
been shown to drive the transformation of atrial fibroblasts into 
myofibroblasts via activation of the Wnt2a/β-catenin signaling 
pathway (Yang, Zhang, et al. 2019; Yang, Qu, et al. 2019).

Recent studies suggest that gut-derived metabolites, TMAO, 
SCFAs, and secondary BAs significantly impact cardiomyocyte 
physiology and pathology through various mechanisms (Zhang, 
Wang, et al. 2021). Elevated TMAO levels are associated with ad-
verse cardiovascular outcomes, including HF, arrhythmias, and 
myocardial fibrosis (Zhen et al. 2023). TMAO in cardiomyocytes 
triggers TGF-β1/Smad3/p65 NF-κB signaling pathways and low-
ers energy metabolism and mitochondrial function by disrupting 
pyruvate and fatty oxidation, as well as the TCA cycle. TMAO also 
increased the expression levels of atrial natriuretic factor (ANP) 
and β-myosin heavy chain (β-MHC), which caused myocardial 
hypertrophy and fibrosis through activation of the TGF-β1/Smad3 
pathway (Li, Wu, et al. 2019) (Figure 3). It also adversely affects 
myocardial contractile function and intercellular calcium process-
ing (Li, Wu, et al. 2019; Makrecka-Kuka et al. 2017; Savi et al. 2018). 
Recent studies highlight TMAO's complex effects on mitochon-
drial function and cardiomyocyte health (Wang et al. 2011; Tang 
et al. 2013). TMAO impairs mitochondrial function in cardiomy-
ocytes by disrupting mitochondrial respiration and OXPHOS, 
leading to reduced ATP production and energy metabolism (Li 
et al. 2023). It also increases mitochondrial oxidative stress by in-
hibiting key antioxidant enzymes and promotes inflammation and 
induces cardiomyocyte apoptosis (Li et al. 2023). However, these 
effects are dose and time dependent, and more research is needed 
to explore specific mechanisms of TMAO.

On the other hand, as mentioned above, SCFAs, particularly 
butyrate and propionate, exhibit cardioprotective effects by en-
hancing mitochondrial efficiency, reducing ROS production, and 
attenuating inflammatory responses in cardiomyocytes. These 
actions preserve myocardial function and limit ischemic injury 
(Wang and Zhao 2018; Yukino-Iwashita et al. 2022; Li et al. 2012; 
Kessler-Icekson et al. 2012). These findings suggest that gut dys-
biosis contributes to CVD through enhanced systemic inflamma-
tion inducing endothelial dysfunction, fibroblast activation, and 
cardiomyocyte impairment, eventually leading to CVD.

4.2   |   Immunomodulation

The gut microbiota plays a crucial role in shaping the immune 
system, influencing both local and systemic immune responses. 
Dysbiosis disrupts this balance, leading to heightened immune 
activation and chronic low-grade inflammation—a recognized 
driver of CVD. In a healthy state, the gut microbiota promotes 
immune tolerance through Treg activation and the production of 
anti-inflammatory cytokine IL-10, thus maintaining immune ho-
meostasis and preventing excessive inflammation. Dysbiosis re-
duces the abundance of beneficial microbes like Faecalibacterium 
prausnitzii and Akkermansia muciniphila, which are critical 
for maintaining immune homeostasis (Zheng et  al.  2020; Yoo 
et al. 2022; Mousa et al. 2022; Effendi et al. 2022). This imbal-
ance skews the immune response toward a pro-inflammatory 
state, characterized by elevated levels of pro-inflammatory cyto-
kines such as IL-6 and TNF-α (Zheng et al. 2020). Gut dysbio-
sis increases the translocation of microbial components such as 
LPS, peptidoglycans, and bacterial DNA into systemic circulation 
due to impaired intestinal barrier function. These components 
activate pattern recognition receptors (PRRs), including TLRs 
and NLRs, on immune cells. As mentioned before, LPS binds to 
TLR4, triggering a cascade of pro-inflammatory signaling path-
ways that amplify systemic inflammation and contribute to en-
dothelial dysfunction (Yoo et al. 2020; Maiuolo et al. 2022; Zheng 
et al. 2020). In addition to innate immune activation, dysbiosis 
modulates adaptive immunity by altering antigen presentation 
and T-cell polarization. Increased microbial translocation pro-
motes the activation of effector T-cells, particularly Th17 cells, 
which secrete interleukin-17 (IL-17), a cytokine implicated in vas-
cular inflammation and atherosclerosis (Zheng et al. 2020; Nesci 
et al. 2023).

4.3   |   Crosstalk via Neurohumoral and Hormonal 
Pathways

The gut microbiota plays a crucial role in modulating cardio-
vascular health through its interactions with neurohumoral and 
hormonal pathways (Singh et al. 2024). Previous investigations 
have revealed SCFA-mediated sympathetic nerve activity by 
activating GPR41, which in turn is linked to the regulation of 
BP and hypertension (Onyszkiewicz et al. 2019; Xu et al. 2022; 
Kimura et  al.  2011). Additionally, the vagus nerve serves as 
a crucial communication pathway between the gut and the 
brain, playing a significant role in regulating cardiovascular 
function and anti-inflammatory signaling. Gut dysbiosis re-
duces vagal tone, impairing its ability to regulate inflamma-
tory responses. Decreased vagal activity results in unchecked 
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inflammation, promoting vascular damage and atherosclerosis 
(Bonaz et al. 2017; Gidron et al. 2007). Gut dysbiosis has been 
linked to the dysregulation of the renin-angiotensin-aldosterone 
system (RAAS), a critical regulator of BP and fluid homeostasis. 
Studies suggest that altered gut microbiota composition influ-
ences angiotensin II levels, promoting vasoconstriction, oxida-
tive stress, and inflammation—hallmarks of hypertension and 
CVD (Tang et  al.  2017; Karbach et  al.  2016; Mell et  al.  2015). 
Additionally, gut microbiota significantly affects metabolic 
hormones such as insulin, glucagon-like peptide-1 (GLP-1), 
and ghrelin. Alterations in GLP-1 production impair glucose 
metabolism and lipid homeostasis, increasing the risk of met-
abolic syndrome (Festi et al. 2014). Furthermore, disruption in 
the secretion of ghrelin indirectly influences cardiovascular 
risk factors such as obesity and hypertension (Aron-Wisnewsky 
et al. 2021). Gut dysbiosis affects estrogen metabolism through 
the gut-liver axis. Microbial beta-glucuronidase enzymes mod-
ulate circulating estrogen levels, and dysbiosis can lead to 
hormonal imbalances that influence vascular function and 
inflammation, particularly in postmenopausal women at in-
creased risk for CVD (Baker et al. 2017). Thus, the interplay be-
tween gut dysbiosis and neurohumoral and hormonal pathways 
underscores its pivotal role in CVD pathogenesis.

5   |   Gut Microbiota and Specific Cardiovascular 
Conditions

Although the gut microbiota influences the spectrum of CVDs, 
it has emerged as a significant factor in specific CV conditions, 
including hypertension, HF, atherosclerosis, and inflammation.

5.1   |   Hypertension and Microbial Metabolites

Hypertension, defined as persistent high BP, is a significant 
global health challenge associated with an increased risk of 
CVDs (Mills et  al.  2020). Emerging evidence suggests that 
the gut microbiota plays a crucial role in the regulation of 
hypertension pathogenesis through its metabolites, particu-
larly SCFAs and TMAO and secondary BAs (Poll et  al.  2020; 
Ishimwe et  al.  2022). As mentioned previously, SCFAs, pri-
marily butyrate, propionate, and acetate, are produced by the 
fermentation of dietary fiber by gut microbiota (Rios-Covian 
et al. 2016). Butyrate, produced by bacteria such as Clostridium, 
Eubacterium, and Roseburia, has multiple mechanisms con-
tributing to BP regulation. It activates GPR41 and GPR43 on 
VECs, thereby reducing vascular resistance and lowering BP 
(Gerard  2013; Heaton  1969); mitigates systemic inflammation 
and oxidative stress, both of which are central to the develop-
ment of hypertension (Mayerhofer et  al.  2017); maintains the 
gut barrier by preventing the translocation of pro-inflammatory 
substances into the bloodstream, thereby reducing factors that 
elevate BP (Li, Shu, et al. 2020); and modulates serotonin release 
from enterochromaffin cells (ECCs), enhancing gut-brain axis 
signaling and influencing CNS mechanisms involved in BP reg-
ulation (Zhang and Gerard 2022). Acetate produced by bacteria 
such as Faecalibacterium and Roseburia, plays a pivotal role by 
serveing as a precursor for butyrate production and also inde-
pendently induces vasodilation, reducing vascular resistance 
(Marques et al. 2017; Cookson 2021); enhances serotonin release 

from EECs by modulating the gut-brain axis to regulate BP 
(Cookson 2021). Acetate supplementation in the drinking water 
of deoxycorticosterone acetate (DOCA)-salt hypertensive mice 
resulted in reduced systolic and diastolic BP, as well as attenu-
ation of cardiac fibrosis and hypertrophy (Marques et al. 2017). 
Acetate further reduces mean arterial pressure (MAP) and heart 
rate (HR) by influencing the autonomic nervous system, includ-
ing reducing sympathetic tone and cardiac contractility (Poll 
et al. 2020). Propionate, generated by bacteria like Veillonellaceae 
and Prevotella, provides additional cardiovascular benefits such 
as reverses T-cell imbalances caused by hypertension, aiding in 
cardiac remodeling (Bartolomaeus et al. 2019), activates GPR41 
and GPR43 on cardiac fibroblasts, inhibiting myofibroblast for-
mation and reducing collagen production, thereby protecting 
against fibrosis and vascular dysfunction. Furthermore, acetate 
and propionate jointly reduce cardiac hypertrophy, vascular dys-
function, and immune cell infiltration, improving heart func-
tion under stress (Lin et al. 2022).

In contrast to SCFAs, TMAO has been implicated in hyperten-
sion and other cardiovascular disorders. As described in the 
above section, elevated levels of TMAO are strongly linked to ad-
verse cardiovascular outcomes, including endothelial dysfunc-
tion, atherosclerosis, and thrombosis. TMAO plays a pivotal role 
in endothelial dysfunction by driving inflammation, increasing 
oxidative stress, and impairing vascular reactivity—key mech-
anisms that contribute to the development and progression of 
hypertension. Mechanistically, TMAO promotes oxidative stress 
and impairs NO signaling, leading to vasoconstriction and hy-
pertension (Shanmugham et al. 2023).

5.2   |   Heart Failure and Gut Permeability

HF is a complex clinical syndrome characterized by the 
heart's inability to pump sufficient blood to meet the body's 
needs. Emerging evidence highlights that HF is associated 
with alterations in gut microbiota composition, favoring pro-
inflammatory and pathogenic species. The “gut hypothesis of 
heart failure” proposes that HF-induced factors, including re-
duced intestinal perfusion and altered gut motility, disrupt gut 
microbiota composition, and increase intestinal permeability. 
These conditions further compromise tight junctions, weak-
ening the gut barrier's integrity (Matacchione et  al.  2024; 
Harikrishnan 2019; Sandek et al. 2008). Concurrently, venous 
congestion causes intestinal edema, exacerbating epithelial 
barrier dysfunction (Sandek et al. 2008). Oxidative stress, an-
other hallmark of HF, damages epithelial cells and impairs the 
synthesis of protective mucins, thereby aggravating gut bar-
rier breakdown (Yuzefpolskaya et  al.  2020). This leads to a 
compromised intestinal barrier, a selective interface between 
the host and gut microbiota, resulting in increased gut perme-
ability. As mentioned before, the alteration in gut permeability 
leads to an increased passage of pathogens and toxins, such as 
LPS, from the gut into the systemic circulation. This state of 
“leaky gut” is associated with chronic systemic inflammation, 
characterized by elevated pro-inflammatory cytokines, in-
cluding TNF-α, IL-6, and IL-1β, which contribute to myocar-
dial remodeling and cardiac dysfunction and can exacerbate 
HF symptoms and severity (Tang et al. 2017; Lupu et al. 2023; 
Pasini et al. 2016).
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5.3   |   Atherosclerosis and Inflammation

Atherosclerosis is a chronic, progressive disease characterized by 
the accumulation of lipids, inflammatory cells, and fibrous ele-
ments in the arterial wall, leading to the formation of plaques. 
These plaques can block blood flow and lead to heart attacks, 
strokes, and other cardiovascular problems (Lusis 2000). In recent 
years, multiple studies have confirmed the presence of bacterial 
DNA in atherosclerotic plaques, suggesting a potential role in the 
development of CVD (Ott et al. 2006). Additionally, differences in 
gut microbiota composition have been observed between individ-
uals with and without atherosclerosis. Garshick et al. transplanted 
aortas from atherosclerotic Apoe−/− mice into normolipidemic 
wild-type (WT) recipients, followed by antibiotic treatment. 
Although plaque size remained similar to that in Apoe−/− donors, 
there was a 32% reduction in CD68+ macrophages, suggesting 
that antibiotics delay atherosclerosis inflammation resolution and 
that gut microbiota play a role in atherosclerosis inflammation 
(Garshick et al. 2021). Studies found that patients with CHD or 
elevated intima-media thickness (IMT), a marker of subclinical 
atherosclerosis, exhibited a higher Firmicutes/Bacteroidetes ratio, 
which is often linked to obesity and gut dysbiosis—highlight-
ing the protective role of butyrate in CVD (Cui et al. 2017; Szabo 
et al. 2021). Additionally, other studies reported an enrichment 
of Escherichia in individuals with subclinical carotid atheroscle-
rosis (SCA) and coronary artery disease (CAD), suggesting its 
potential as a predictive marker for atherosclerosis progression 
(Zhu et al. 2018; Baragetti et al. 2021). Ji et al. further identified 
an increased abundance of Acidaminococcus in patients with 
carotid atherosclerosis (CAS), a genus linked to inflammatory 
diseases and proinflammatory diets, suggesting its possible role 
as a proinflammatory microbiota in atherosclerosis development 
(Ji et al. 2021). Mitra et al. reported significant differences in gut 
microbiota composition between patients with stable versus un-
stable plaques (Mitra et al. 2015), whereas Hallenius et al. found 
no major differences in bacterial DNA content or microbial com-
position between the two. Some researchers suggest that bacterial 
DNA may activate macrophages and trigger the innate immune 
system via TLR2 and TLR4, which influence plaque stability 
(Mitra et al. 2015; Lindskog Jonsson et al. 2017).

Further research by Chen et al. demonstrated the feasibility of 
gut microbiome remodeling to prevent the onset and progres-
sion of atherosclerosis in LDLr−/− mice, reinforcing the potential 
role of gut microbiota in atherosclerosis and its therapeutic im-
plications. Additionally, one study found that introducing proin-
flammatory Casp1−/− microbiota into LDLr−/− mice promoted 
plaque growth, neutrophil accumulation, and a reduction in 
SCFAs-producing taxa (Akkermansia, Christensenellaceae, 
Clostridium, and Odoribacter) (Chen et al. 2020).

6   |   Therapeutic Approaches Targeting the 
Gut-Heart Axis

Targeting the gut-heart axis presents a promising therapeutic 
approach for mitigating the various CVD conditions. In this 
section of the review, we discuss various therapeutic strategies 
aimed at restoring gut homeostasis and their potential benefits 
for cardiovascular health (Figure 4).

6.1   |   Probiotics, Prebiotics, and Synbiotics

Probiotics are live microorganisms that confer health benefits 
to the host when administered in adequate amounts. Specific 
strains of Lactobacillus and Bifidobacterium have demonstrated 
the ability to reduce gut permeability, suppress inflammation, 
and improve lipid profiles—all critical factors in cardiovascular 
health. For instance, Lactobacillus plantarum supplementation 
reduced BP and improved endothelial function in preclinical 
models (Malik et al. 2018). Probiotics also lower TMAO levels by 
modulating microbial populations responsible for TMA produc-
tion, such as Lactobacillus plantarum ZDY04 (Qiu et al. 2018). 
Prebiotics, such as inulin and fructooligosaccharides, serve as 
substrates for beneficial gut bacteria. These compounds en-
hance the production of SCFAs like butyrate, which have anti-
inflammatory and vasodilatory effects. In  vitro and in  vivo 
studies suggest that the anti-inflammatory and immunomodu-
latory properties of herbs and functional foods, such as Ocimum 
sanctum, Zingiber officinale, and Piper nigrum, may be linked to 
their prebiotic activity (Babu et al. 2018; Kondapalli et al. 2022). 
This is attributed to the presence of phytochemicals that help 
regulate gut microbiota, thereby reducing systemic inflamma-
tion and related disorders. Clinical studies show that prebiotic 
supplementation improves arterial stiffness and lowers systemic 
inflammation, thereby reducing cardiovascular risk (Pavlidou 
et  al.  2022). While whole foods rich in natural fibers support 
beneficial gut bacteria and offer numerous health benefits, how-
ever, a recent study reveals that consumption of highly refined 
fermentable fibers may adversely affect liver health, leading 
to the development of icteric hepatocellular carcinoma (Singh 
et al. 2018). These discrepancies point to the fact that the activ-
ity of gut metabolites and signaling mediators is highly context-
dependent, influenced by variables such as dietary inputs, gut 
microbiota composition, host health status, and metabolic indi-
viduality. These factors collectively determine whether a metab-
olite exerts beneficial, neutral, or detrimental effects.

Synbiotics combine probiotics and prebiotics to synergistically 
enhance gut health. By delivering beneficial microbes and their 
specific growth substrates, synbiotics optimize the gut microbio-
ta's functionality. Synbiotics leverage the complementary effects 
of probiotics and prebiotics, enhancing colonization resistance, 
SCFA production, and immunomodulation. Synbiotics have 
demonstrated that regular consumption of synbiotic yogurts can 
lower the risk of CVDs in hypercholesterolemic patients (Pavlidou 
et al. 2022). Additionally, a study found that 12 weeks of synbi-
otic supplementation resulted in a reduction of ICAM-1 levels, 
a key risk factor for CVDs, in hemodialysis patients (Haghighat 
et al. 2019). All these interventions offer promising avenues for 
modulating gut microbiota, reducing inflammation, improving 
lipid profiles, and ultimately mitigating cardiovascular risk.

6.2   |   Dietary Interventions

The Mediterranean diet, rich in fiber, polyphenols, and unsat-
urated fats, promotes a healthy gut microbiome and reduces 
cardiovascular risk factors. Increased fiber intake supports 
the growth of SCFA-producing bacteria, enhancing gut bar-
rier integrity and reducing systemic inflammation. Dietary 
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modifications, such as reducing red meat and egg consumption, 
can lower TMAO levels. This, in turn, mitigates endothelial 
dysfunction and atherosclerotic progression linked to TMAO 
(Abrignani et al. 2024).

6.3   |   Pharmacological Approaches

New pharmacological agents aim to selectively modulate gut 
microbiota composition. Drugs targeting TMAO production, 
such as 3,3-dimethyl-1-butanol (DMB), inhibit microbial en-
zymes involved in TMA formation. DMB has shown efficacy 
in reducing TMAO levels and attenuating atherosclerosis in 
animal models (Wang et al. 2015). Direct supplementation of 
SCFAs, particularly butyrate, has been explored for its cardi-
oprotective effects (Challa and Lewandowski 2022). Butyrate 
improves endothelial function, reduces oxidative stress, and 
modulates BP regulation via G protein-coupled receptor acti-
vation (Amiri et al. 2021). Antibiotics targeting specific TMA-
producing bacteria have shown promise in modulating TMAO 
levels and potentially influencing cardiovascular outcomes. 
In healthy participants, administration of broad-spectrum 

antibiotics significantly reduced plasma TMAO levels after a 
phosphatidylcholine challenge. However, it is crucial to note 
that chronic antibiotic use may have adverse consequences, 
such as the emergence of antibiotic-resistant bacterial strains 
and potential metabolic disturbances (Yang, Li, et  al.  2019). 
Bile acid modulators represent another class of drugs that can 
influence cardiovascular outcomes by altering gut microbiota 
composition and function. These agents can affect bile acid 
pool size and composition, which in turn impacts cholesterol 
metabolism and TMAO production. By modulating bile acid 
signaling through FXR, these drugs may offer a novel ap-
proach to managing CVD risk (Nesci et al. 2023).

Several established pharmacotherapies for CVDs are now rec-
ognized to alter the gut microbiome, with growing evidence 
that these interactions may influence both drug efficacy and 
cardiovascular outcomes. The captopril is a first-generation 
angiotensin-converting enzyme inhibitor (ACE-Is); which 
not only lowers BP but also alters the gut microbiota com-
position. In a preclinical study, captopril-induction, reduces 
the BP and alters the gut microbiome in spontaneously hy-
pertensive (SHR) rats (Yang, Aquino, et  al.  2019). Maternal 

FIGURE 4    |    Therapeutic targeting of gut microbiota dysbiosis and its impact on cardiovascular health. Interventions such as prebiotics, probi-
otics, synbiotics, postbiotics, a balanced diet, regular physical activity, and fecal microbiota transplantation (FMT), help maintain gut microbiota 
homeostasis. These interventions promote beneficial bacterial growth, inhibit pathogenic bacteria, enhance the beneficial gut microbiota metabo-
lites like SCFAs production, and reduce the harmful gut microbiota metabolites such as TMA, TMAO, and LPS. They also contribute to a balanced 
immune response, improved endothelial and cardiac cell function, regulated blood pressure, and reduced fibrosis, ultimately leading to improved 
cardiovascular health. SCFA-short-chain fatty acid; FMT, fecal microbiota transplantation.
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captopril treatment led to persistent antihypertensive effects 
in offspring via reconstitution of the gut microbiota, including 
increased Clostridia and Clostridiales (Li, Yang, et al. 2020). 
Benazepril and Enalapril are the second-generation ACE-Is 
also impact the gut microbiome. Benazepril promotes resto-
ration of gut microbiota structure, while enalapril has been 
shown to reduce blood levels of TMAO. Enalapril achieves 
this by modifying gut microbiota composition and increasing 
urinary excretion of methylamines (Zhao et al. 2023). Statins 
(e.g., simvastatin, rosuvastatin, atorvastatin) are widely used 
lipid-lowering agents. Metagenomic studies have shown that 
statin use is associated with significant shifts in gut micro-
biota composition (Wilmanski et  al.  2022). Statins may also 
decrease the amount of secondary BAs and alter signaling 
through the FXR, which is influenced by gut microbial me-
tabolism (Tuteja and Ferguson 2019). Antihypertensive med-
ications such as, amlodipine, a calcium channel blocker is 
metabolized presystemically by gut microbial dehydrogena-
tion, which may reduce the amount of active drug reaching 
target tissues. Its use has also been associated with changes 
in gut microbiota, though the specific bacterial taxa involved 
are not fully characterized. Other cardiovascular drugs in-
cluding, β-blockers and α-blockers have found associations 
between the use of these antihypertensive agents and alter-
ations in gut bacterial taxa, though the precise mechanisms 
and clinical implications remain under investigation. An an-
tidiabetic agent, metformin is frequently used in patients with 
CVD and has been shown to significantly alter the gut micro-
biota. It increases the abundance of beneficial bacteria such as 
Akkermansia muciniphila, which is linked to improved met-
abolic and cardiovascular outcomes (Witkowski et  al.  2020; 
Masenga et al. 2022).

6.4   |   Fecal Microbiota Transplantation 
and Emerging Strategies

Fecal microbiota transplantation involves transferring pro-
cessed stool from a healthy donor into the gastrointestinal 
tract of a patient, aiming to restore a balanced and diverse gut 
microbiome (Ponce Alencastro et al. 2025). This intervention 
is based on the principle that many diseases, especially those 
involving gut dysbiosis, can be improved by reintroducing 
beneficial microbial communities (Cammarota et  al.  2014). 
The therapeutic effect of FMT is thought to arise from: 
(i) Replacing missing or depleting beneficial bacteria; (ii) 
Competing with pathogenic microbes (bacterial interference); 
(iii) Restoring production of key metabolites (e.g., SCFAs, sec-
ondary BAs); (iv) Modulating immune system and metabolic 
pathways. Clinically, FMT has shown some beneficial effects 
for the treatment of Clostridium difficile (CD)-associated di-
arrhea (Cammarota et  al.  2014). However, the studies that 
show the effects of FMT on metabolic parameters remain 
controversial. A meta-analysis report on cardiometabolic 
risk factors demonstrated that no significant changes were 
seen in lipid profiles, blood glucose, and insulin resistance 
(Pakmehr et  al.  2024). However, various other studies were 
reported with changes in the lipid profile including reduction 
in LDL (p < 0.04) and total cholesterol (p < 0.05). Mean tri-
glycerides (TG) were reduced significantly from 3.9 mmol/L 
to 2.62 mmol/L (Ng et  al.  2022). Preclinical studies indicate 

that FMT can restore microbial diversity and reduce systemic 
inflammation, leading to improvements in cardiovascular 
health. For example, FMT from healthy individuals to hy-
pertensive patients showed a transient reduction in BP (Fan 
et al. 2022). In a randomized clinical trial (NCT04406129), hy-
pertensive patients (n = 124) received FMT capsules shown to 
decrease in systolic BP after 1 week of FMT, but this difference 
did not maintain even after repeated interventions; however, 
it was notified that it was safe (Fan et  al.  2025). Therefore, 
further detailed studies are required to establish the facts 
and also to advance the FMT-based clinical interventions to 
treat CVDs.

In addition to FMT, postbiotics, nonviable microbial products 
such as SCFAs, enzymes, and peptides are being investigated for 
their cardiovascular benefits. They offer the advantage of stabil-
ity and targeted delivery without the risks associated with live 
organisms (Rahimi et  al.  2024). Regular physical activity is a 
natural and effective way to prevent or mitigate gut dysbiosis, 
which plays a key role in CVDs. Targeting the gut microbiome 
through exercise, alongside dietary interventions, may offer 
novel therapeutic approaches for CVD prevention and manage-
ment (Yan et al. 2021).

Targeting the gut-heart axis through probiotics, prebiotics, di-
etary interventions, pharmacological agents, and emerging 
strategies like FMT offers promising avenues for CVD manage-
ment. These approaches highlight the potential of gut microbi-
ota modulation in reducing systemic inflammation, improving 
lipid profiles, and enhancing overall cardiovascular health.

7   |   Future Directions and Challenges

Despite substantial progress in our understanding of gut mi-
crobiota, several questions remain, and future research must 
address these challenges to fully unravel the gut-heart axis and 
translate findings into clinical practice. To understand how 
certain gut microbiota-derived metabolites, such as TMAO, 
SCFAs, and LPS, affect cardiovascular health, advanced mo-
lecular and systems biology tools are necessary. Integrating 
multiomics approaches, such as metabolomics, proteomics, 
and transcriptomics, can lead to deeper understanding of these 
interactions. The gut-heart axis describes the complex inter-
play between gut microbiota, their metabolites, and CVD risk 
and progression (Shariff et  al.  2024). For example, elevated 
TMAO levels, resulting from microbial metabolism of dietary 
choline and carnitine, are strongly associated with increased 
risk of atherosclerosis and adverse cardiac events in both ani-
mal models (Zhen et al. 2023; Zheng and He 2022) and large-
scale human studies (Witkowski et al. 2020; Evans et al. 2023; 
Gatarek and Kaluzna-Czaplinska  2021). Conversely, SCFAs 
generally exert protective effects by reducing inflammation 
and improving vascular function, although their impact can 
vary depending on the microbial composition and host fac-
tors (Shariff et  al.  2024; Bui et  al.  2023; Snelson et  al.  2025). 
Although animal models are invaluable for investigating the 
role of gut microbiota, translating these findings to large-scale 
human studies and clinical cohorts remains challenging due to 
factors such as individual variability, diet, lifestyle, and medi-
cation use.
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Therefore, it is also crucial to understand the interindividual 
variation in gut microbiota composition and its interaction with 
host genetics. Personalized interventions, including diet modifi-
cations, prebiotics, probiotics, or postbiotics, could be developed 
to optimize gut microbiota for cardiovascular health. Research 
and clinical testing are required for novel therapeutic strategies, 
such as microbiota transplantation or small molecules targeting 
harmful metabolites. By investigation of microbiota-drug in-
teractions through pharmacomicrobiomics can enhance drug 
efficacy and minimize side effects in CVD therapies. The gut mi-
crobiome plays a vital role in both CVD risk and metabolism of 
xenobiotics which is a critical frontier for precision cardiology to 
develop personalized approaches. In fact, the microbiome is in-
creasingly recognized as a minimal focused contributor on drug 
metabolism. More than 50 drugs are shown to metabolized by 
the gut microbiome (Haiser and Turnbaugh 2013). For example, 
Digoxin is a known medication to treat various heart conditions 
including atrial fibrillation and HF. A common anaerobe of the 
human colonic flora, Eubaterium lentum metabolizes digoxin 
to its reduced derivatives (Saha et al. 1983). Therefore, by eluci-
dating these mechanisms and developing microbiota-informed 
therapies, can drive a paradigm shift toward personalized car-
diovascular care.

To establish relationships between changes in gut microbiota and 
CVD progression, large and longitudinal studies are necessary. 
These studies should investigate how gut and heart axis dynam-
ics are influenced by lifestyle factors, aging, and comorbidities 
of CVD. Individual host factors such as genetics, diet, age, sex, 
and lifestyle significantly modulate the gut-heart axis by influ-
encing gut microbiota composition and the production of me-
tabolites linked to cardiovascular health. These factors induce 
epigenetic changes impacting both heart and gut microbiome 
health. Several reports demonstrated that dietary factors could 
influence the epigenetic modifications that eventually elevate 
cardiovascular risk (Kalea et al. 2018; Kashtanova et al. 2016; 
Kiecolt-Glaser et al. 2015). Chronic stress is also another factor 
that exacerbates gut dysbiosis and induces epigenetic changes 
that promote systemic inflammation, a key driver of heart dis-
ease (Akshay et al. 2023). Therefore, further exploration of the 
gut-cardiac axis would pave a novel way for the development 
of new therapeutics for cardiovascular health management. 
The gut, brain, and heart have a bidirectional interaction, as 
suggested by emerging evidence. Understanding how the gut 
microbiota influences autonomic regulation and neurocardiac 
pathways could lead to new insights into CVD pathophysiology. 
The identification of universal biomarkers and therapeutic tar-
gets is challenging due to the immense diversity and variability 
of gut microbiota among individuals. Microbiome-derived risk 
scores and diagnostic tools are at the forefront of translational 
microbiome research, offering new avenues for disease predic-
tion, risk stratification, and noninvasive diagnostics. The new 
technological advances such as machine learning, single cell 
sequencing, approaches incorporating microbiome data have 
been shown to predict occurrence of HF. Recent studies have 
shown that gut microbiome composition varies significantly 
across the cardiovascular risk spectrum, as defined by con-
ventional risk scores like Framingham (Versteylen et al. 2011). 
Specific bacterial species, such as Ruthenibacterium lactati-
formans, Flavonifractor plautii, and Collinsella stercoris have 
high cardiovascular risk, while other bacterial species such 

as Streptococcus thermophilus are negatively regulated (Prins 
et  al.  2024). Multivariable analyses demonstrated that cardio-
vascular risk profiles explain significant differences in the pro-
portion of gut microbiome, and certain risk factors (diabetes, 
age, smoking, HDL) are linked to specific microbial patterns 
(Prins et al. 2024). Despite promising results, widespread clin-
ical adoption of microbiome-derived risk scores and diagnostics 
requires further validation, standardization of analytical meth-
ods, and robust calibration across populations around the globe.

Using well-designed experimental models and human trials is im-
portant for validating hypotheses. Preclinical findings need to be 
translated into effective, scalable, and safe interventions for diverse 
populations, but it remains a significant hurdle. Microbiota-based 
therapies and fecal microbiota transplantation raise ethical and 
regulatory concerns, requiring robust guidelines and monitoring 
frameworks. The gut microbiota represents a promising frontier in 
cardiovascular medicine. Addressing these future directions and 
challenges will enable the development of novel preventive, diag-
nostic, and therapeutic strategies, ultimately improving cardiovas-
cular outcomes and patient care.

Author Contributions

Narendra Kondapalli and Charles K. Thodeti conceived the project. 
Narendra Kondapalli, Venkatesh Katari, Kesha Dalal, Sailaja Paruchuri, 
and Charles K. Thodeti wrote and revised the manuscript.

Acknowledgments

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

Abdulrahim, A. O., N. S. P. Doddapaneni, N. Salman, et  al. 2025. 
“The Gut-Heart Axis: A Review of Gut Microbiota, Dysbiosis, and 
Cardiovascular Disease Development.” Annals of Medicine and Surgery 
87: 177–191.

Abrignani, V., A. Salvo, G. Pacinella, and A. Tuttolomondo. 2024. “The 
Mediterranean Diet, Its Microbiome Connections, and Cardiovascular 
Health: A Narrative Review.” International Journal of Molecular 
Sciences 25: 4942.

Akshay, A., R. Gasim, T. E. Ali, Y. S. Kumar, and A. Hassan. 2023. 
“Unlocking the Gut-Cardiac Axis: A Paradigm Shift in Cardiovascular 
Health.” Cureus 15: e51039.

Alexandrescu, L., A. P. Suceveanu, A. M. Stanigut, et  al. 2024. 
“Intestinal Insights: The Gut Microbiome's Role in Atherosclerotic 
Disease: A Narrative Review.” Microorganisms 12: 2341.

Amiri, P., S. A. Hosseini, S. Ghaffari, et  al. 2021. “Role of Butyrate, 
a Gut Microbiota Derived Metabolite, in Cardiovascular Diseases: A 
Comprehensive Narrative Review.” Frontiers in Pharmacology 12: 837509.

Andrei, C., A. Zanfirescu, V. P. Ormeneanu, and S. Negres. 2025. 
“Evaluating the Efficacy of Secondary Metabolites in Antibiotic-
Induced Dysbiosis: A Narrative Review of Preclinical Studies.” 
Antibiotics (Basel) 14: 138.



16 of 22 Comprehensive Physiology, 2025

Annes, J. P., J. S. Munger, and D. B. Rifkin. 2003. “Making Sense of 
Latent TGFbeta Activation.” Journal of Cell Science 116: 217–224.

Aron-Wisnewsky, J., M. V. Warmbrunn, M. Nieuwdorp, and K. Clement. 
2021. “Metabolism and Metabolic Disorders and the Microbiome: The 
Intestinal Microbiota Associated With Obesity, Lipid Metabolism, 
and Metabolic Health-Pathophysiology and Therapeutic Strategies.” 
Gastroenterology 160: 573–599.

Arrieta, M. C., L. T. Stiemsma, P. A. Dimitriu, et al. 2015. “Early Infancy 
Microbial and Metabolic Alterations Affect Risk of Childhood Asthma.” 
Science Translational Medicine 7: 307ra152.

Aziz, T., N. Hussain, Z. Hameed, and L. Lin. 2024. “Elucidating the 
Role of Diet in Maintaining Gut Health to Reduce the Risk of Obesity, 
Cardiovascular and Other Age-Related Inflammatory Diseases: Recent 
Challenges and Future Recommendations.” Gut Microbes 16: 2297864.

Babu, K. N., R. Hemalatha, U. Satyanarayana, et  al. 2018. 
“Phytochemicals, Polyphenols, Prebiotic Effect of Extracts.” Journal of 
Herbal Medicine 13: 42–51.

Baker, J. M., L. Al-Nakkash, and M. M. Herbst-Kralovetz. 2017. 
“Estrogen-Gut Microbiome Axis: Physiological and Clinical 
Implications.” Maturitas 103: 45–53.

Banfi, D., E. Moro, A. Bosi, et al. 2021. “Impact of Microbial Metabolites 
on Microbiota-Gut-Brain Axis in Inflammatory Bowel Disease.” 
International Journal of Molecular Sciences 22: 1623.

Baragetti, A., M. Severgnini, E. Olmastroni, et al. 2021. “Gut Microbiota 
Functional Dysbiosis Relates to Individual Diet in Subclinical Carotid 
Atherosclerosis.” Nutrients 13: 304.

Bartolomaeus, H., A. Balogh, M. Yakoub, et al. 2019. “Short-Chain Fatty 
Acid Propionate Protects From Hypertensive Cardiovascular Damage.” 
Circulation 139: 1407–1421.

Bartoszek, A., E. V. Moo, A. Binienda, et  al. 2020. “Free Fatty Acid 
Receptors as New Potential Therapeutic Target in Inflammatory Bowel 
Diseases.” Pharmacological Research 152: 104604.

Baumgart, M., B. Dogan, M. Rishniw, et al. 2007. “Culture Independent 
Analysis of Ileal Mucosa Reveals a Selective Increase in Invasive 
Escherichia coli of Novel Phylogeny Relative to Depletion of Clostridiales 
in Crohn's Disease Involving the Ileum.” ISME Journal 1: 403–418.

Belkaid, Y., and T. W. Hand. 2014. “Role of the Microbiota in Immunity 
and Inflammation.” Cell 157: 121–141.

Bonaz, B., V. Sinniger, and S. Pellissier. 2017. “Vagus Nerve Stimulation: 
A New Promising Therapeutic Tool in Inflammatory Bowel Disease.” 
Journal of Internal Medicine 282: 46–63.

Breijyeh, Z., B. Jubeh, and R. Karaman. 2020. “Resistance of Gram-
Negative Bacteria to Current Antibacterial Agents and Approaches to 
Resolve It.” Molecules 25: 1340.

Bui, T. V. A., H. Hwangbo, Y. Lai, et  al. 2023. “The Gut-Heart Axis: 
Updated Review for the Roles of Microbiome in Cardiovascular Health.” 
Korean Circulation Journal 53: 499–518.

Caliri, A. W., S. Tommasi, and A. Besaratinia. 2021. “Relationships 
Among Smoking, Oxidative Stress, Inflammation, Macromolecular 
Damage, and Cancer.” Mutation Research, Reviews in Mutation Research 
787: 108365.

Cammarota, G., G. Ianiro, and A. Gasbarrini. 2014. “Fecal Microbiota 
Transplantation for the Treatment of Clostridium Difficile Infection: A 
Systematic Review.” Journal of Clinical Gastroenterology 48: 693–702.

Canfora, E. E., J. W. Jocken, and E. E. Blaak. 2015. “Short-Chain 
Fatty Acids in Control of Body Weight and Insulin Sensitivity.” Nature 
Reviews. Endocrinology 11: 577–591.

Canfora, E. E., R. C. R. Meex, K. Venema, and E. E. Blaak. 2019. “Gut 
Microbial Metabolites in Obesity, NAFLD and T2DM.” Nature Reviews. 
Endocrinology 15: 261–273.

Cani, P. D., J. Amar, M. A. Iglesias, et al. 2007. “Metabolic Endotoxemia 
Initiates Obesity and Insulin Resistance.” Diabetes 56: 1761–1772.

Cani, P. D., R. Bibiloni, C. Knauf, et al. 2008. “Changes in Gut Microbiota 
Control Metabolic Endotoxemia-Induced Inflammation in High-Fat 
Diet-Induced Obesity and Diabetes in Mice.” Diabetes 57: 1470–1481.

Carabotti, M., A. Scirocco, M. A. Maselli, and C. Severi. 2015. “The 
Gut-Brain Axis: Interactions Between Enteric Microbiota, Central and 
Enteric Nervous Systems.” Annals of Gastroenterology 28: 203–209.

Challa, A. A., and E. D. Lewandowski. 2022. “Short-Chain Carbon 
Sources: Exploiting Pleiotropic Effects for Heart Failure Therapy.” JACC 
Basic to Translational Science 7: 730–742.

Chen, B., L. V. Collen, C. Mowat, et  al. 2022. “Inflammatory Bowel 
Disease and Cardiovascular Diseases.” American Journal of Medicine 
135: 1453–1460.

Chen, K., X. Zheng, M. Feng, D. Li, and H. Zhang. 2017. “Gut Microbiota-
Dependent Metabolite Trimethylamine N-Oxide Contributes to Cardiac 
Dysfunction in Western Diet-Induced Obese Mice.” Frontiers in 
Physiology 8: 139.

Chen, M. L., X. H. Zhu, L. Ran, H. D. Lang, L. Yi, and M. T. Mi. 
2017. “Trimethylamine-N-Oxide Induces Vascular Inflammation by 
Activating the NLRP3 Inflammasome Through the SIRT3-SOD2-
mtROS Signaling Pathway.” Journal of the American Heart Association 
6: e006347.

Chen, P. B., A. S. Black, A. L. Sobel, et al. 2020. “Directed Remodeling of 
the Mouse Gut Microbiome Inhibits the Development of Atherosclerosis.” 
Nature Biotechnology 38: 1288–1297.

Cookson, T. A. 2021. “Bacterial-Induced Blood Pressure Reduction: 
Mechanisms for the Treatment of Hypertension via the Gut.” Frontiers 
in Cardiovascular Medicine 8: 721393.

Correa-Oliveira, R., J. L. Fachi, A. Vieira, F. T. Sato, and M. A. Vinolo. 
2016. “Regulation of Immune Cell Function by Short-Chain Fatty 
Acids.” Clinical & Translational Immunology 5: e73.

Costa, C., B. Sampaio-Maia, R. Araujo, et  al. 2022. “Gut Microbiome 
and Organ Fibrosis.” Nutrients 14: 352.

Cryan, J. F., K. J. O'Riordan, C. S. M. Cowan, et  al. 2019. “The 
Microbiota-Gut-Brain Axis.” Physiological Reviews 99: 1877–2013.

Cui, L., T. Zhao, H. Hu, W. Zhang, and X. Hua. 2017. “Association Study 
of Gut Flora in Coronary Heart Disease Through High-Throughput 
Sequencing.” BioMed Research International 2017: 3796359.

David, L. A., C. F. Maurice, R. N. Carmody, et al. 2014. “Diet Rapidly and 
Reproducibly Alters the Human Gut Microbiome.” Nature 505: 559–563.

Dawson, P. A., T. Lan, and A. Rao. 2009. “Bile Acid Transporters.” 
Journal of Lipid Research 50: 2340–2357.

den Besten, G., K. van Eunen, A. K. Groen, K. Venema, D. J. Reijngoud, 
and B. M. Bakker. 2013. “The Role of Short-Chain Fatty Acids in the 
Interplay Between Diet, Gut Microbiota, and Host Energy Metabolism.” 
Journal of Lipid Research 54: 2325–2340.

Dixit, K., D. Chaudhari, D. Dhotre, Y. Shouche, and S. Saroj. 2021. 
“Restoration of Dysbiotic Human Gut Microbiome for Homeostasis.” 
Life Sciences 278: 119622.

Du, Y., C. He, Y. An, et al. 2024. “The Role of Short Chain Fatty Acids 
in Inflammation and Body Health.” International Journal of Molecular 
Sciences 25: 7379.

Duan, H., L. Yu, F. Tian, Q. Zhai, L. Fan, and W. Chen. 2022. “Antibiotic-
Induced Gut Dysbiosis and Barrier Disruption and the Potential Protective 
Strategies.” Critical Reviews in Food Science and Nutrition 62: 1427–1452.

Effendi, R., M. Anshory, H. Kalim, et  al. 2022. “Akkermansia 
Muciniphila and Faecalibacterium Prausnitzii in Immune-Related 
Diseases.” Microorganisms 10: 2382.



17 of 22

Elvers, K. T., V. J. Wilson, A. Hammond, et  al. 2020. “Antibiotic-
Induced Changes in the Human Gut Microbiota for the Most Commonly 
Prescribed Antibiotics in Primary Care in the UK: A Systematic 
Review.” BMJ Open 10: e035677.

Evans, M., L. Dai, C. M. Avesani, K. Kublickiene, and P. Stenvinkel. 
2023. “The Dietary Source of Trimethylamine N-Oxide and Clinical 
Outcomes: An Unexpected Liaison.” Clinical Kidney Journal 16: 
1804–1812.

Fan, L., J. Chen, Q. Zhang, et al. 2025. “Fecal Microbiota Transplantation 
for Hypertension: An Exploratory, Multicenter, Randomized, Blinded, 
Placebo-Controlled Trial.” Microbiome 13: 133.

Fan, L., J. Ren, Y. Chen, et  al. 2022. “Effect of Fecal Microbiota 
Transplantation on Primary Hypertension and the Underlying 
Mechanism of Gut Microbiome Restoration: Protocol of a Randomized, 
Blinded, Placebo-Controlled Study.” Trials 23: 178.

Festi, D., R. Schiumerini, L. H. Eusebi, G. Marasco, M. Taddia, and 
A. Colecchia. 2014. “Gut Microbiota and Metabolic Syndrome.” World 
Journal of Gastroenterology 20: 16079–16094.

Flori, L., G. Benedetti, A. Martelli, and V. Calderone. 2024. “Microbiota 
Alterations Associated With Vascular Diseases: Postbiotics as a Next-
Generation Magic Bullet for Gut-Vascular Axis.” Pharmacological 
Research 207: 107334.

Franzosa, E. A., A. Sirota-Madi, J. Avila-Pacheco, et  al. 2019. “Gut 
Microbiome Structure and Metabolic Activity in Inflammatory Bowel 
Disease.” Nature Microbiology 4: 293–305.

Gallucci, G., A. Tartarone, R. Lerose, A. V. Lalinga, and A. M. 
Capobianco. 2020. “Cardiovascular Risk of Smoking and Benefits of 
Smoking Cessation.” Journal of Thoracic Disease 12: 3866–3876.

Gan, G., R. Zhang, Y. Zeng, et al. 2024. “Fecal Microbiota Transplantation 
Validates the Importance of Gut Microbiota in an ApoE(−/−) Mouse 
Model of Chronic Apical Periodontitis-Induced Atherosclerosis.” BMC 
Oral Health 24: 1455.

Gao, Z., J. Yin, J. Zhang, et  al. 2009. “Butyrate Improves Insulin 
Sensitivity and Increases Energy Expenditure in Mice.” Diabetes 58: 
1509–1517.

Garshick, M. S., C. Nikain, M. Tawil, et  al. 2021. “Reshaping of 
the Gastrointestinal Microbiome Alters Atherosclerotic Plaque 
Inflammation Resolution in Mice.” Scientific Reports 11: 8966.

Gatarek, P., and J. Kaluzna-Czaplinska. 2021. “Trimethylamine N-
Oxide (TMAO) in Human Health.” EXCLI Journal 20: 301–319.

Geem, D., O. Medina-Contreras, M. McBride, R. D. Newberry, P. A. Koni, 
and T. L. Denning. 2014. “Specific Microbiota-Induced Intestinal Th17 
Differentiation Requires MHC Class II but Not GALT and Mesenteric 
Lymph Nodes.” Journal of Immunology 193: 431–438.

Geerlings, S. Y., I. Kostopoulos, W. M. de Vos, and C. Belzer. 2018. 
“Akkermansia Muciniphila in the Human Gastrointestinal Tract: When, 
Where, and How?” Microorganisms 6: 75.

Gensollen, T., S. S. Iyer, D. L. Kasper, and R. S. Blumberg. 2016. “How 
Colonization by Microbiota in Early Life Shapes the Immune System.” 
Science 352: 539–544.

Gerard, P. 2013. “Metabolism of Cholesterol and Bile Acids by the Gut 
Microbiota.” Pathogens 3, no. 14: 14–24.

Gérard, P. 2020. “The Crosstalk Between the Gut Microbiota and 
Lipids.” Oilseeds and Fats, Crops and Lipids 27: 70.

Gidron, Y., N. Kupper, M. Kwaijtaal, J. Winter, and J. Denollet. 
2007. “Vagus-Brain Communication in Atherosclerosis-Related 
Inflammation: A Neuroimmunomodulation Perspective of CAD.” 
Atherosclerosis 195: e1–e9.

Glorieux, G., R. Vanholder, W. Van Biesen, et al. 2021. “Free p-Cresyl 
Sulfate Shows the Highest Association With Cardiovascular Outcome 

in Chronic Kidney Disease.” Nephrology, Dialysis, Transplantation 36: 
998–1005.

Goodrich, J. K., J. L. Waters, A. C. Poole, et al. 2014. “Human Genetics 
Shape the Gut Microbiome.” Cell 159: 789–799.

Haghighat, N., M. Mohammadshahi, S. Shayanpour, and M. 
H. Haghighizadeh. 2019. “Effect of Synbiotic and Probiotic 
Supplementation on Serum Levels of Endothelial Cell Adhesion 
Molecules in Hemodialysis Patients: A Randomized Control Study.” 
Probiotics and Antimicrobial Proteins 11: 1210–1218.

Haiser, H. J., and P. J. Turnbaugh. 2013. “Developing a Metagenomic 
View of Xenobiotic Metabolism.” Pharmacological Research 69: 21–31.

Harikrishnan, S. 2019. “Diet, the Gut Microbiome and Heart Failure.” 
Cardiac Failure Review 5: 119–122.

Hartman, H. B., S. J. Gardell, C. J. Petucci, S. Wang, J. A. Krueger, 
and M. J. Evans. 2009. “Activation of Farnesoid X Receptor Prevents 
Atherosclerotic Lesion Formation in LDLR−/− and apoE−/− Mice.” 
Journal of Lipid Research 50: 1090–1100.

Hasan, N., and H. Yang. 2019. “Factors Affecting the Composition of the 
Gut Microbiota, and Its Modulation.” PeerJ 7: e7502.

Heaton, K. W. 1969. “The Importance of Keeping Bile Salts in Their 
Place.” Gut 10: 857–863.

Henagan, T. M., B. Stefanska, Z. Fang, et al. 2015. “Sodium Butyrate 
Epigenetically Modulates High-Fat Diet-Induced Skeletal Muscle 
Mitochondrial Adaptation, Obesity and Insulin Resistance Through 
Nucleosome Positioning.” British Journal of Pharmacology 172: 
2782–2798.

Hill, M. J. 1997. “Intestinal Flora and Endogenous Vitamin Synthesis.” 
European Journal of Cancer Prevention 6, no. Suppl 1: S43–S45.

Hooper, L. V., and A. J. Macpherson. 2010. “Immune Adaptations That 
Maintain Homeostasis With the Intestinal Microbiota.” Nature Reviews. 
Immunology 10: 159–169.

Horrocks, V., O. G. King, A. Y. G. Yip, I. M. Marques, and J. A. K. 
McDonald. 2023. “Role of the Gut Microbiota in Nutrient Competition 
and Protection Against Intestinal Pathogen Colonization.” Microbiology 
(Reading) 169: e001377.

Hu, X. F., W. Y. Zhang, Q. Wen, et  al. 2019. “Fecal Microbiota 
Transplantation Alleviates Myocardial Damage in Myocarditis by 
Restoring the Microbiota Composition.” Pharmacological Research 139: 
412–421.

Ianiro, G., H. Tilg, and A. Gasbarrini. 2016. “Antibiotics as Deep 
Modulators of Gut Microbiota: Between Good and Evil.” Gut 65: 
1906–1915.

Incalza, M. A., R. D'Oria, A. Natalicchio, S. Perrini, L. Laviola, and 
F. Giorgino. 2018. “Oxidative Stress and Reactive Oxygen Species 
in Endothelial Dysfunction Associated With Cardiovascular and 
Metabolic Diseases.” Vascular Pharmacology 100: 1–19.

Ishimwe, J. A., T. Dola, L. A. Ertuglu, and A. Kirabo. 2022. “Bile 
Acids and Salt-Sensitive Hypertension: A Role of the Gut-Liver Axis.” 
American Journal of Physiology. Heart and Circulatory Physiology 322: 
H636–H646.

Jandhyala, S. M., R. Talukdar, C. Subramanyam, H. Vuyyuru, 
M. Sasikala, and R. D. Nageshwar. 2015. “Role of the Normal Gut 
Microbiota.” World Journal of Gastroenterology 21: 8787–8803.

Ji, L., S. Chen, G. Gu, et  al. 2021. “Exploration of Crucial Mediators 
for Carotid Atherosclerosis Pathogenesis Through Integration of 
Microbiome, Metabolome, and Transcriptome.” Frontiers in Physiology 
12: 645212.

Jiang, Z., and C. Wu. 2022. “Reciprocal Interactions Between Regulatory 
T Cells and Intestinal Epithelial Cells.” Frontiers in Immunology 13: 
951339.



18 of 22 Comprehensive Physiology, 2025

Jie, Z., H. Xia, S. L. Zhong, et  al. 2017. “The Gut Microbiome in 
Atherosclerotic Cardiovascular Disease.” Nature Communications 8: 
845.

Kahleova, H., E. Rembert, J. Alwarith, et al. 2020. “Effects of a Low-
Fat Vegan Diet on Gut Microbiota in Overweight Individuals and 
Relationships With Body Weight, Body Composition, and Insulin 
Sensitivity. A Randomized Clinical Trial.” Nutrients 12: 2917.

Kalea, A. Z., K. Drosatos, and J. L. Buxton. 2018. “Nutriepigenetics and 
Cardiovascular Disease.” Current Opinion in Clinical Nutrition and 
Metabolic Care 21: 252–259.

Karbach, S. H., T. Schonfelder, I. Brandao, et al. 2016. “Gut Microbiota 
Promote Angiotensin II-Induced Arterial Hypertension and Vascular 
Dysfunction.” Journal of the American Heart Association 5: e003698.

Kasahara, K., K. A. Krautkramer, E. Org, et  al. 2018. “Interactions 
Between Roseburia Intestinalis and Diet Modulate Atherogenesis in a 
Murine Model.” Nature Microbiology 3: 1461–1471.

Kashtanova, D. A., A. S. Popenko, O. N. Tkacheva, A. B. Tyakht, D. 
G. Alexeev, and S. A. Boytsov. 2016. “Association Between the Gut 
Microbiota and Diet: Fetal Life, Early Childhood, and Further Life.” 
Nutrition 32: 620–627.

Kaur, N., P. Kumar, M. Dhami, and K. R. Aran. 2025. “Antibiotic-
Induced Gut Dysbiosis: Unraveling the Gut-Heart Axis and Its Impact 
on Cardiovascular Health.” Molecular Biology Reports 52: 319.

Ke, Y., D. Li, M. Zhao, et  al. 2018. “Gut Flora-Dependent Metabolite 
Trimethylamine-N-Oxide Accelerates Endothelial Cell Senescence 
and Vascular Aging Through Oxidative Stress.” Free Radical Biology & 
Medicine 116: 88–100.

Kelly, C. J., L. Zheng, E. L. Campbell, et  al. 2015. “Crosstalk Between 
Microbiota-Derived Short-Chain Fatty Acids and Intestinal Epithelial 
HIF Augments Tissue Barrier Function.” Cell Host & Microbe 17: 662–671.

Kessler-Icekson, G., E. Hochhauser, T. Sinai, et  al. 2012. “A Histone 
Deacetylase Inhibitory Prodrug - Butyroyloxymethyl Diethyl 
Phosphate—Protects the Heart and Cardiomyocytes Against Ischemia 
Injury.” European Journal of Pharmaceutical Sciences 45: 592–599.

Khera, A. V., M. Chaffin, K. G. Aragam, et  al. 2018. “Genome-Wide 
Polygenic Scores for Common Diseases Identify Individuals With Risk 
Equivalent to Monogenic Mutations.” Nature Genetics 50: 1219–1224.

Kiecolt-Glaser, J. K., H. M. Derry, and C. P. Fagundes. 2015. 
“Inflammation: Depression Fans the Flames and Feasts on the Heat.” 
American Journal of Psychiatry 172: 1075–1091.

Kimura, I., D. Inoue, T. Maeda, et al. 2011. “Short-Chain Fatty Acids and 
Ketones Directly Regulate Sympathetic Nervous System via G Protein-
Coupled Receptor 41 (GPR41).” Proceedings of the National Academy of 
Sciences of the United States of America 108: 8030–8035.

Kisiela, M., A. Skarka, B. Ebert, and E. Maser. 2012. “Hydroxysteroid 
Dehydrogenases (HSDs) in Bacteria: A Bioinformatic Perspective.” 
Journal of Steroid Biochemistry and Molecular Biology 129: 31–46.

Koeth, R. A., Z. Wang, B. S. Levison, et al. 2013. “Intestinal Microbiota 
Metabolism of L-Carnitine, a Nutrient in Red Meat, Promotes 
Atherosclerosis.” Nature Medicine 19: 576–585.

Kondapalli, N. B., R. Hemalatha, S. Uppala, et  al. 2022. “Ocimum 
sanctum, Zingiber Officinale, and Piper nigrum Extracts and Their 
Effects on Gut Microbiota Modulations (Prebiotic Potential), Basal 
Inflammatory Markers and Lipid Levels: Oral Supplementation Study 
in Healthy Rats.” Pharmaceutical Biology 60: 437–450.

Kootte, R. S., A. Vrieze, F. Holleman, et  al. 2012. “The Therapeutic 
Potential of Manipulating Gut Microbiota in Obesity and Type 2 
Diabetes Mellitus.” Diabetes, Obesity and Metabolism 14, no. 2: 112–120.

Korpela, K., A. Salonen, L. J. Virta, et al. 2016. “Intestinal Microbiome 
Is Related to Lifetime Antibiotic Use in Finnish Pre-School Children.” 
Nature Communications 7: 10410.

Kristev, A., D. Mitkov, and J. Lukanov. 1991. “Influence of Short-Chain 
Fatty Acids on Vascular Tone.” International Journal of Experimental 
Pathology 72: 475–480.

Kummen, M., C. C. K. Mayerhofer, B. Vestad, et al. 2018. “Gut Microbiota 
Signature in Heart Failure Defined From Profiling of 2 Independent 
Cohorts.” Journal of the American College of Cardiology 71: 1184–1186.

Kurilshikov, A., C. Medina-Gomez, R. Bacigalupe, et al. 2021. “Large-
Scale Association Analyses Identify Host Factors Influencing Human 
Gut Microbiome Composition.” Nature Genetics 53: 156–165.

LeBlanc, J. G., C. Milani, G. S. de Giori, F. Sesma, D. van Sinderen, and 
M. Ventura. 2013. “Bacteria as Vitamin Suppliers to Their Host: A Gut 
Microbiota Perspective.” Current Opinion in Biotechnology 24: 160–168.

Lepercq, P., P. Gerard, F. Beguet, et  al. 2004. “Epimerization of 
Chenodeoxycholic Acid to Ursodeoxycholic Acid by Clostridium baratii 
Isolated From Human Feces.” FEMS Microbiology Letters 235: 65–72.

Ley, R. E., F. Backhed, P. Turnbaugh, C. A. Lozupone, R. D. Knight, and 
J. I. Gordon. 2005. “Obesity Alters Gut Microbial Ecology.” Proceedings 
of the National Academy of Sciences of the United States of America 102: 
11070–11075.

Li, H. B., T. Yang, E. M. Richards, C. J. Pepine, and M. K. Raizada. 2020. 
“Maternal Treatment With Captopril Persistently Alters Gut-Brain 
Communication and Attenuates Hypertension of Male Offspring.” 
Hypertension 75: 1315–1324.

Li, J., F. Zhao, Y. Wang, et al. 2017. “Gut Microbiota Dysbiosis Contributes 
to the Development of Hypertension.” Microbiome 5: 14.

Li, L., Y. Hua, and J. Ren. 2012. “Short-Chain Fatty Acid Propionate 
Alleviates Akt2 Knockout-Induced Myocardial Contractile 
Dysfunction.” Experimental Diabetes Research 2012: 851717.

Li, W., S. Shu, L. Cheng, et al. 2020. “Fasting Serum Total Bile Acid Level 
Is Associated With Coronary Artery Disease, Myocardial Infarction 
and Severity of Coronary Lesions.” Atherosclerosis 292: 193–200.

Li, X., J. Geng, J. Zhao, et al. 2019. “Trimethylamine N-Oxide Exacerbates 
Cardiac Fibrosis via Activating the NLRP3 Inflammasome.” Frontiers 
in Physiology 10: 866.

Li, X., R. Li, N. You, X. Zhao, J. Li, and W. Jiang. 2022. “Butyric Acid 
Ameliorates Myocardial Fibrosis by Regulating M1/M2 Polarization 
of Macrophages and Promoting Recovery of Mitochondrial Function.” 
Frontiers in Nutrition 9: 875473.

Li, Y., S. Yang, X. Jin, et  al. 2023. “Mitochondria as Novel Mediators 
Linking Gut Microbiota to Atherosclerosis That Is Ameliorated by 
Herbal Medicine: A Review.” Frontiers in Pharmacology 14: 1082817.

Li, Z., Z. Wu, J. Yan, et  al. 2019. “Gut Microbe-Derived Metabolite 
Trimethylamine N-Oxide Induces Cardiac Hypertrophy and Fibrosis.” 
Laboratory Investigation 99: 346–357.

Lijnen, P. J., V. V. Petrov, and R. H. Fagard. 2000. “Induction of Cardiac 
Fibrosis by Transforming Growth Factor-Beta(1).” Molecular Genetics 
and Metabolism 71: 418–435.

Lin, C. J., H. L. Liu, C. F. Pan, et  al. 2012. “Indoxyl Sulfate Predicts 
Cardiovascular Disease and Renal Function Deterioration in Advanced 
Chronic Kidney Disease.” Archives of Medical Research 43: 451–456.

Lin, C. J., Y. C. Cheng, H. C. Chen, et al. 2022. “Commensal Gut Microbiota-
Derived Acetate and Propionate Enhance Heart Adaptation in Response 
to Cardiac Pressure Overload in Mice.” Theranostics 12: 7319–7334.

Lindskog Jonsson, A., F. F. Hallenius, R. Akrami, et al. 2017. “Bacterial 
Profile in Human Atherosclerotic Plaques.” Atherosclerosis 263: 177–183.

Louis, P., and H. J. Flint. 2009. “Diversity, Metabolism and Microbial 
Ecology of Butyrate-Producing Bacteria From the Human Large 
Intestine.” FEMS Microbiology Letters 294: 1–8.

Lupu, V. V., A. Adam Raileanu, C. M. Mihai, et al. 2023. “The Implication 
of the Gut Microbiome in Heart Failure.” Cells 12: 1158.



19 of 22

Lusis, A. J. 2000. “Atherosclerosis.” Nature 407: 233–241.

Lymperopoulos, A., M. S. Suster, and J. I. Borges. 2022. “Short-Chain 
Fatty Acid Receptors and Cardiovascular Function.” International 
Journal of Molecular Sciences 23: 3303.

Ma, G., B. Pan, Y. Chen, et  al. 2017. “Trimethylamine N-Oxide in 
Atherogenesis: Impairing Endothelial Self-Repair Capacity and 
Enhancing Monocyte Adhesion.” Bioscience Reports 37: BSR20160244.

Maiuolo, J., C. Carresi, M. Gliozzi, et al. 2022. “The Contribution of Gut 
Microbiota and Endothelial Dysfunction in the Development of Arterial 
Hypertension in Animal Models and in Humans.” International Journal 
of Molecular Sciences 23: 3698.

Makrecka-Kuka, M., K. Volska, U. Antone, et al. 2017. “Trimethylamine 
N-Oxide Impairs Pyruvate and Fatty Acid Oxidation in Cardiac 
Mitochondria.” Toxicology Letters 267: 32–38.

Malik, M., T. M. Suboc, S. Tyagi, et al. 2018. “Lactobacillus plantarum 
299v Supplementation Improves Vascular Endothelial Function and 
Reduces Inflammatory Biomarkers in Men With Stable Coronary 
Artery Disease.” Circulation Research 123, no. 9: 1091–1102.

Manco, M., L. Putignani, and G. F. Bottazzo. 2010. “Gut Microbiota, 
Lipopolysaccharides, and Innate Immunity in the Pathogenesis of 
Obesity and Cardiovascular Risk.” Endocrine Reviews 31: 817–844.

Marques, F. Z., E. Nelson, P. Y. Chu, et al. 2017. “High-Fiber Diet and 
Acetate Supplementation Change the Gut Microbiota and Prevent the 
Development of Hypertension and Heart Failure in Hypertensive Mice.” 
Circulation 135: 964–977.

Masenga, S. K., B. Hamooya, J. Hangoma, et al. 2022. “Recent Advances 
in Modulation of Cardiovascular Diseases by the Gut Microbiota.” 
Journal of Human Hypertension 36: 952–959.

Matacchione, G., F. Piacenza, L. Pimpini, Y. Rosati, and S. Marcozzi. 
2024. “The Role of the Gut Microbiota in the Onset and Progression 
of Heart Failure: Insights Into Epigenetic Mechanisms and Aging.” 
Clinical Epigenetics 16: 175.

Mattace Raso, G., R. Simeoli, R. Russo, et al. 2013. “Effects of Sodium 
Butyrate and Its Synthetic Amide Derivative on Liver Inflammation 
and Glucose Tolerance in an Animal Model of Steatosis Induced by 
High Fat Diet.” PLoS One 8: e68626.

Mayerhofer, C. C. K., T. Ueland, K. Broch, et  al. 2017. “Increased 
Secondary/Primary Bile Acid Ratio in Chronic Heart Failure.” Journal 
of Cardiac Failure 23: 666–671.

Melendez, G. C., J. L. McLarty, S. P. Levick, Y. Du, J. S. Janicki, and G. L. 
Brower. 2010. “Interleukin 6 Mediates Myocardial Fibrosis, Concentric 
Hypertrophy, and Diastolic Dysfunction in Rats.” Hypertension 56: 
225–231.

Mell, B., V. R. Jala, A. V. Mathew, et  al. 2015. “Evidence for a Link 
Between Gut Microbiota and Hypertension in the Dahl Rat.” 
Physiological Genomics 47: 187–197.

Mills, K. T., A. Stefanescu, and J. He. 2020. “The Global Epidemiology of 
Hypertension.” Nature Reviews. Nephrology 16: 223–237.

Mitra, S., D. I. Drautz-Moses, M. Alhede, et al. 2015. “In Silico Analyses 
of Metagenomes From Human Atherosclerotic Plaque Samples.” 
Microbiome 3: 38.

Mousa, W. K., F. Chehadeh, and S. Husband. 2022. “Microbial Dysbiosis 
in the Gut Drives Systemic Autoimmune Diseases.” Frontiers in 
Immunology 13: 906258.

Mu, X., L. Feng, Q. Wang, et  al. 2025. “Decreased Gut Microbiome-
Derived Indole-3-Propionic Acid Mediates the Exacerbation of 
Myocardial Ischemia/Reperfusion Injury Following Depression via the 
Brain-Gut-Heart Axis.” Redox Biology 81: 103580.

Murphy, K. A., B. A. Harsch, C. L. Healy, et al. 2022. “Free Fatty Acid 
Receptor 4 Responds to Endogenous Fatty Acids to Protect the Heart 
From Pressure Overload.” Cardiovascular Research 118: 1061–1073.

Nagpal, R., H. Tsuji, T. Takahashi, et al. 2017. “Ontogenesis of the Gut 
Microbiota Composition in Healthy, Full-Term, Vaginally Born and 
Breast-Fed Infants Over the First 3 Years of Life: A Quantitative Bird's-
Eye View.” Frontiers in Microbiology 8: 1388.

Nemet, I., P. P. Saha, N. Gupta, et al. 2020. “A Cardiovascular Disease-
Linked Gut Microbial Metabolite Acts via Adrenergic Receptors.” Cell 
180: 862–877.

Nesci, A., C. Carnuccio, V. Ruggieri, et al. 2023. “Gut Microbiota and 
Cardiovascular Disease: Evidence on the Metabolic and Inflammatory 
Background of a Complex Relationship.” International Journal of 
Molecular Sciences 24: 9087.

Ng, S. C., Z. Xu, J. W. Y. Mak, et  al. 2022. “Microbiota Engraftment 
After Faecal Microbiota Transplantation in Obese Subjects With Type 
2 Diabetes: A 24-Week, Double-Blind, Randomised Controlled Trial.” 
Gut 71: 716–723.

Novakovic, M., A. Rout, T. Kingsley, et al. 2020. “Role of Gut Microbiota 
in Cardiovascular Diseases.” World Journal of Cardiology 12: 110–122.

Odamaki, T., K. Kato, H. Sugahara, et al. 2016. “Age-Related Changes in 
Gut Microbiota Composition From Newborn to Centenarian: A Cross-
Sectional Study.” BMC Microbiology 16: 90.

Offermanns, S. 2014. “Free Fatty Acid (FFA) and Hydroxy Carboxylic 
Acid (HCA) Receptors.” Annual Review of Pharmacology and Toxicology 
54: 407–434.

Onyszkiewicz, M., M. Gawrys-Kopczynska, P. Konopelski, et  al. 
2019. “Butyric Acid, a Gut Bacteria Metabolite, Lowers Arterial Blood 
Pressure via Colon-Vagus Nerve Signaling and GPR41/43 Receptors.” 
Pflügers Archiv 471: 1441–1453.

Osuna-Prieto, F. J., B. Martinez-Tellez, L. Ortiz-Alvarez, et  al. 2021. 
“Elevated Plasma Succinate Levels Are Linked to Higher Cardiovascular 
Disease Risk Factors in Young Adults.” Cardiovascular Diabetology 20: 
151.

Ott, S. J., N. E. El Mokhtari, M. Musfeldt, et  al. 2006. “Detection of 
Diverse Bacterial Signatures in Atherosclerotic Lesions of Patients With 
Coronary Heart Disease.” Circulation 113: 929–937.

Ottosson, F., L. Brunkwall, E. Smith, et al. 2020. “The Gut Microbiota-
Related Metabolite Phenylacetylglutamine Associates With Increased 
Risk of Incident Coronary Artery Disease.” Journal of Hypertension 38: 
2427–2434.

Pakmehr, A., S. M. Mousavi, H. S. Ejtahed, et al. 2024. “The Effect of 
Fecal Microbiota Transplantation on Cardiometabolic Risk Factors: 
A Systematic Review and Meta-Analysis.” Clinical Therapeutics 46: 
e87–e100.

Palm, C. L., K. T. Nijholt, B. M. Bakker, and B. D. Westenbrink. 2022. 
“Short-Chain Fatty Acids in the Metabolism of Heart Failure—
Rethinking the Fat Stigma.” Frontiers in Cardiovascular Medicine 9: 
915102.

Pasini, E., R. Aquilani, C. Testa, et al. 2016. “Pathogenic Gut Flora in 
Patients With Chronic Heart Failure.” JACC: Heart Failure 4: 220–227.

Pavlidou, E., A. Fasoulas, M. Mantzorou, and C. Giaginis. 2022. 
“Clinical Evidence on the Potential Beneficial Effects of Probiotics 
and Prebiotics in Cardiovascular Disease.” International Journal of 
Molecular Sciences 23: 15898.

Pluznick, J. 2014. “A Novel SCFA Receptor, the Microbiota, and Blood 
Pressure Regulation.” Gut Microbes 5: 202–207.

Pluznick, J. L. 2017. “Microbial Short-Chain Fatty Acids and Blood 
Pressure Regulation.” Current Hypertension Reports 19: 25.

Pluznick, J. L., R. J. Protzko, H. Gevorgyan, et  al. 2013. “Olfactory 
Receptor Responding to Gut Microbiota-Derived Signals Plays a Role 
in Renin Secretion and Blood Pressure Regulation.” Proceedings of 
the National Academy of Sciences of the United States of America 110: 
4410–4415.



20 of 22 Comprehensive Physiology, 2025

Poll, B. G., M. U. Cheema, and J. L. Pluznick. 2020. “Gut Microbial 
Metabolites and Blood Pressure Regulation: Focus on SCFAs and 
TMAO.” Physiology (Bethesda) 35: 275–284.

Pols, T. W., M. Nomura, T. Harach, et  al. 2011. “TGR5 Activation 
Inhibits Atherosclerosis by Reducing Macrophage Inflammation and 
Lipid Loading.” Cell Metabolism 14: 747–757.

Ponce Alencastro, J. A., D. A. Salinas Lucero, R. P. Solis, C. G. Herrera 
Giron, A. S. Estrella Lopez, and P. X. Anda Suarez. 2025. “Molecular 
Mechanisms and Emerging Precision Therapeutics in the Gut 
Microbiota-Cardiovascular Axis.” Cureus 17: e83022.

Prins, F. M., V. Collij, H. E. Groot, et al. 2024. “The Gut Microbiome 
Across the Cardiovascular Risk Spectrum.” European Journal of 
Preventive Cardiology 31: 935–944.

Qin, Y., A. S. Havulinna, Y. Liu, et  al. 2024. “Author Correction: 
Combined Effects of Host Genetics and Diet on Human Gut Microbiota 
and Incident Disease in a Single Population Cohort.” Nature Genetics 
56: 554.

Qiu, L., X. Tao, H. Xiong, J. Yu, and H. Wei. 2018. “Lactobacillus plan-
tarum ZDY04 Exhibits a Strain-Specific Property of Lowering TMAO 
via the Modulation of Gut Microbiota in Mice.” Food & Function 9: 
4299–4309.

Rahimi, A., S. A. Qaisar, T. Janeh, H. Karimpour, M. Darbandi, and J. 
Moludi. 2024. “Clinical Trial of the Effects of Postbiotic Supplementation 
on Inflammation, Oxidative Stress, and Clinical Outcomes in Patients 
With CVA.” Scientific Reports 14: 24021.

Ridlon, J. M., D. J. Kang, and P. B. Hylemon. 2006. “Bile Salt 
Biotransformations by Human Intestinal Bacteria.” Journal of Lipid 
Research 47: 241–259.

Rinninella, E., P. Raoul, M. Cintoni, et al. 2019. “What Is the Healthy 
Gut Microbiota Composition? A Changing Ecosystem Across Age, 
Environment, Diet, and Diseases.” Microorganisms 7: 14.

Rios-Covian, D., P. Ruas-Madiedo, A. Margolles, M. Gueimonde, C. G. 
de Los Reyes-Gavilan, and N. Salazar. 2016. “Intestinal Short Chain 
Fatty Acids and Their Link With Diet and Human Health.” Frontiers in 
Microbiology 7: 185.

Robles-Vera, I., M. Toral, N. de la Visitacion, N. Aguilera-Sanchez, J. 
M. Redondo, and J. Duarte. 2020. “Protective Effects of Short-Chain 
Fatty Acids on Endothelial Dysfunction Induced by Angiotensin II.” 
Frontiers in Physiology 11: 277.

Rodriguez, J. M., K. Murphy, C. Stanton, et al. 2015. “The Composition 
of the Gut Microbiota Throughout Life, With an Emphasis on Early 
Life.” Microbial Ecology in Health and Disease 26: 26050.

Romano, K. A., E. I. Vivas, D. Amador-Noguez, and F. E. Rey. 2015. 
“Intestinal Microbiota Composition Modulates Choline Bioavailability 
From Diet and Accumulation of the Proatherogenic Metabolite 
Trimethylamine-N-Oxide.” MBio 6: e02481.

Romero, M., and J. Duarte. 2023. “Probiotics and Prebiotics in 
Cardiovascular Diseases.” Nutrients 15: 3686.

Rothschild, D., O. Weissbrod, E. Barkan, et  al. 2018. “Environment 
Dominates Over Host Genetics in Shaping Human Gut Microbiota.” 
Nature 555: 210–215.

Round, J. L., and S. K. Mazmanian. 2009. “The Gut Microbiota Shapes 
Intestinal Immune Responses During Health and Disease.” Nature 
Reviews. Immunology 9: 313–323.

Saeedi Saravi, S. S., B. Pugin, F. Constancias, et al. 2025. “Gut Microbiota-
Dependent Increase in Phenylacetic Acid Induces Endothelial Cell 
Senescence During Aging.” Nature Aging, ahead of print, May 12. 
https://​doi.​org/​10.​1038/​s4358​7-​025-​00864​-​8.

Saha, J. R., V. P. Butler Jr., H. C. Neu, and J. Lindenbaum. 1983. 
“Digoxin-Inactivating Bacteria: Identification in Human Gut Flora.” 
Science 220: 325–327.

Sanchez Cruz, C., A. Rojas Huerta, J. Lima Barrientos, et  al. 2024. 
“Inflammatory Bowel Disease and Cardiovascular Disease: An Integrative 
Review With a Focus on the Gut Microbiome.” Cureus 16: e65136.

Sandek, A., J. Bauditz, A. Swidsinski, et  al. 2007. “Altered Intestinal 
Function in Patients With Chronic Heart Failure.” Journal of the 
American College of Cardiology 50: 1561–1569.

Sandek, A., M. Rauchhaus, S. D. Anker, and S. von Haehling. 2008. 
“The Emerging Role of the Gut in Chronic Heart Failure.” Current 
Opinion in Clinical Nutrition and Metabolic Care 11: 632–639.

Savi, M., L. Bocchi, L. Bresciani, et al. 2018. “Trimethylamine-N-Oxide 
(TMAO)-Induced Impairment of Cardiomyocyte Function and the 
Protective Role of Urolithin B-Glucuronide.” Molecules 23: 549.

Sayin, S. I., A. Wahlstrom, J. Felin, et al. 2013. “Gut Microbiota Regulates 
Bile Acid Metabolism by Reducing the Levels of Tauro-Beta-Muricholic 
Acid, a Naturally Occurring FXR Antagonist.” Cell Metabolism 17: 
225–235.

Seldin, M. M., Y. Meng, H. Qi, et al. 2016. “Trimethylamine N-Oxide 
Promotes Vascular Inflammation Through Signaling of Mitogen-
Activated Protein Kinase and Nuclear Factor-kappaB.” Journal of the 
American Heart Association 5: e002767.

Shan, W., H. Cui, Y. Xu, et  al. 2022. “Succinate Metabolism in 
Cardiovascular Diseases.” GTM 1: 160.

Shanmugham, M., S. Bellanger, and C. H. Leo. 2023. “Gut-Derived 
Metabolite, Trimethylamine-N-Oxide (TMAO) in Cardio-Metabolic 
Diseases: Detection, Mechanism, and Potential Therapeutics.” 
Pharmaceuticals (Basel) 16: 504.

Shariff, S., A. Kwan Su Huey, N. Parag Soni, et al. 2024. “Unlocking the 
Gut-Heart Axis: Exploring the Role of Gut Microbiota in Cardiovascular 
Health and Disease.” Annals of Medicine and Surgery 86: 2752–2758.

Singh, A., P. S. Kishore, and S. Khan. 2024. “From Microbes to 
Myocardium: A Comprehensive Review of the Impact of the Gut-Brain 
Axis on Cardiovascular Disease.” Cureus 16: e70877.

Singh, V., B. S. Yeoh, B. Chassaing, et al. 2018. “Dysregulated Microbial 
Fermentation of Soluble Fiber Induces Cholestatic Liver Cancer.” Cell 
175: 679–694.

Sivaprakasam, S., P. D. Prasad, and N. Singh. 2016. “Benefits of 
Short-Chain Fatty Acids and Their Receptors in Inflammation and 
Carcinogenesis.” Pharmacology & Therapeutics 164: 144–151.

Snelson, M., R. M. R, C. F. Liu, et al. 2025. “Gut-Heart Axis: The Role of 
Gut Microbiota and Metabolites in Heart Failure.” Circulation Research 
136: 1382–1406.

Stock, J. 2013. “Gut Microbiota: An Environmental Risk Factor for 
Cardiovascular Disease.” Atherosclerosis 229: 440–442.

Sublette, M. G., T. L. Cross, C. E. Korcarz, et  al. 2020. “Effects of 
Smoking and Smoking Cessation on the Intestinal Microbiota.” Journal 
of Clinical Medicine 9: 2963.

Sun, X., X. Jiao, Y. Ma, et al. 2016. “Trimethylamine N-Oxide Induces 
Inflammation and Endothelial Dysfunction in Human Umbilical Vein 
Endothelial Cells via Activating ROS-TXNIP-NLRP3 Inflammasome.” 
Biochemical and Biophysical Research Communications 481: 63–70.

Szabo, H., A. Hernyes, M. Piroska, et al. 2021. “Association Between Gut 
Microbial Diversity and Carotid Intima-Media Thickness.” Medicina 
(Kaunas, Lithuania) 57: 195.

Tang, T. W. H., H. C. Chen, C. Y. Chen, et al. 2019. “Loss of Gut Microbiota 
Alters Immune System Composition and Cripples Postinfarction 
Cardiac Repair.” Circulation 139: 647–659.

Tang, W. H. W., F. Backhed, U. Landmesser, and S. L. Hazen. 2019. 
“Intestinal Microbiota in Cardiovascular Health and Disease: JACC 
State-Of-The-Art Review.” Journal of the American College of Cardiology 
73: 2089–2105.

https://doi.org/10.1038/s43587-025-00864-8


21 of 22

Tang, W. H., and S. L. Hazen. 2017. “The Gut Microbiome and Its Role in 
Cardiovascular Diseases.” Circulation 135: 1008–1010.

Tang, W. H., T. Kitai, and S. L. Hazen. 2017. “Gut Microbiota in 
Cardiovascular Health and Disease.” Circulation Research 120: 1183–1196.

Tang, W. H., Z. Wang, B. S. Levison, et al. 2013. “Intestinal Microbial 
Metabolism of Phosphatidylcholine and Cardiovascular Risk.” New 
England Journal of Medicine 368: 1575–1584.

Tilg, H., and A. R. Moschen. 2014. “Microbiota and Diabetes: An 
Evolving Relationship.” Gut 63: 1513–1521.

Troseid, M. 2017. “Gut Microbiota and Acute Coronary Syndromes: 
Ready for Use in the Emergency Room?” European Heart Journal 38: 
825–827.

Turnbaugh, P. J., M. Hamady, T. Yatsunenko, et al. 2009. “A Core Gut 
Microbiome in Obese and Lean Twins.” Nature 457: 480–484.

Tuteja, S., and J. F. Ferguson. 2019. “Gut Microbiome and Response to 
Cardiovascular Drugs.” Circulation: Genomic and Precision Medicine 
12: 421–429.

Versteylen, M. O., I. A. Joosen, L. J. Shaw, J. Narula, and L. Hofstra. 
2011. “Comparison of Framingham, PROCAM, SCORE, and Diamond 
Forrester to Predict Coronary Atherosclerosis and Cardiovascular 
Events.” Journal of Nuclear Cardiology 18: 904–911.

Vinolo, M. A., H. G. Rodrigues, W. T. Festuccia, et al. 2012. “Tributyrin 
Attenuates Obesity-Associated Inflammation and Insulin Resistance 
in High-Fat-Fed Mice.” American Journal of Physiology. Endocrinology 
and Metabolism 303: E272–E282.

Wahlstrom, A., S. I. Sayin, H. U. Marschall, and F. Backhed. 2016. 
“Intestinal Crosstalk Between Bile Acids and Microbiota and Its Impact 
on Host Metabolism.” Cell Metabolism 24: 41–50.

Walker, A. W., J. D. Sanderson, C. Churcher, et  al. 2011. “High-
Throughput Clone Library Analysis of the Mucosa-Associated 
Microbiota Reveals Dysbiosis and Differences Between Inflamed 
and Non-Inflamed Regions of the Intestine in Inflammatory Bowel 
Disease.” BMC Microbiology 11: e7.

Wang, A., Z. Li, Z. Sun, D. Zhang, and X. Ma. 2023. “Gut-Derived 
Short-Chain Fatty Acids Bridge Cardiac and Systemic Metabolism and 
Immunity in Heart Failure.” Journal of Nutritional Biochemistry 120: 
109370.

Wang, Z., A. B. Roberts, J. A. Buffa, et al. 2015. “Non-Lethal Inhibition 
of Gut Microbial Trimethylamine Production for the Treatment of 
Atherosclerosis.” Cell 163: 1585–1595.

Wang, Z., and Y. Zhao. 2018. “Gut Microbiota Derived Metabolites in 
Cardiovascular Health and Disease.” Protein & Cell 9: 416–431.

Wang, Z., E. Klipfell, B. J. Bennett, et al. 2011. “Gut Flora Metabolism 
of Phosphatidylcholine Promotes Cardiovascular Disease.” Nature 472: 
57–63.

Wang, Z., N. Bergeron, B. S. Levison, et al. 2019. “Impact of Chronic 
Dietary Red Meat, White Meat, or Non-Meat Protein on Trimethylamine 
N-Oxide Metabolism and Renal Excretion in Healthy Men and Women.” 
European Heart Journal 40: 583–594.

Wells, J. M., R. J. Brummer, M. Derrien, et al. 2017. “Homeostasis of the 
Gut Barrier and Potential Biomarkers.” American Journal of Physiology. 
Gastrointestinal and Liver Physiology 312: G171–G193.

Wen, L., and A. Duffy. 2017. “Factors Influencing the Gut Microbiota, 
Inflammation, and Type 2 Diabetes.” Journal of Nutrition 147: 
1468S–1475S.

Wilmanski, T., S. A. Kornilov, C. Diener, et  al. 2022. “Heterogeneity 
in Statin Responses Explained by Variation in the Human Gut 
Microbiome.” Medi 3: 388–405.

Witkowski, M., T. L. Weeks, and S. L. Hazen. 2020. “Gut Microbiota and 
Cardiovascular Disease.” Circulation Research 127: 553–570.

Wu, H. J., and E. Wu. 2012. “The Role of Gut Microbiota in Immune 
Homeostasis and Autoimmunity.” Gut Microbes 3: 4–14.

Xu, J., B. N. Moore, and J. L. Pluznick. 2022. “Short-Chain Fatty Acid 
Receptors and Blood Pressure Regulation: Council on Hypertension 
Mid-Career Award for Research Excellence 2021.” Hypertension 79: 
2127–2137.

Yan, Q., W. Zhai, C. Yang, et al. 2021. “The Relationship Among Physical 
Activity, Intestinal Flora, and Cardiovascular Disease.” Cardiovascular 
Therapeutics 2021: 3364418.

Yang, L., O. Bajinka, P. O. Jarju, Y. Tan, A. M. Taal, and G. Ozdemir. 
2021. “The Varying Effects of Antibiotics on Gut Microbiota.” AMB 
Express 11: 116.

Yang, S., X. Li, F. Yang, et  al. 2019. “Gut Microbiota-Dependent 
Marker TMAO in Promoting Cardiovascular Disease: Inflammation 
Mechanism, Clinical Prognostic, and Potential as a Therapeutic Target.” 
Frontiers in Pharmacology 10: 1360.

Yang, T., H. Qu, X. Song, et  al. 2019. “Luhong Granules Prevent 
Ventricular Remodelling After Myocardial Infarction by Reducing the 
Metabolites TMAO and LPS of the Intestinal Flora.” Evidence-Based 
Complementary and Alternative Medicine 2019: 8937427.

Yang, T., V. Aquino, G. O. Lobaton, et al. 2019. “Sustained Captopril-
Induced Reduction in Blood Pressure Is Associated With Alterations in 
Gut-Brain Axis in the Spontaneously Hypertensive Rat.” Journal of the 
American Heart Association 8: e010721.

Yang, W., S. Zhang, J. Zhu, et al. 2019. “Gut Microbe-Derived Metabolite 
Trimethylamine N-Oxide Accelerates Fibroblast-Myofibroblast 
Differentiation and Induces Cardiac Fibrosis.” Journal of Molecular and 
Cellular Cardiology 134: 119–130.

Yao, L., S. C. Seaton, S. Ndousse-Fetter, et  al. 2018. “A Selective Gut 
Bacterial Bile Salt Hydrolase Alters Host Metabolism.” eLife 7: e37182.

Yoo, J. Y., M. Groer, S. V. O. Dutra, A. Sarkar, and D. I. McSkimming. 2020. 
“Gut Microbiota and Immune System Interactions.” Microorganisms 8: 
1587.

Yoo, J. Y., S. Sniffen, K. C. McGill Percy, V. B. Pallaval, and B. 
Chidipi. 2022. “Gut Dysbiosis and Immune System in Atherosclerotic 
Cardiovascular Disease (ACVD).” Microorganisms 10: 108.

Yoon, K., and N. Kim. 2018. “The Effect of Microbiota on Colon 
Carcinogenesis.” Journal of Cancer Prevention 23: 117–125.

You, X., and B. Gao. 2025. “Association Between Intestinal Flora 
Metabolites and Coronary Artery Vulnerable Plaque Characteristics in 
Coronary Heart Disease.” British Journal of Hospital Medicine (London, 
England) 86: 1–13.

Yu, F., B. Zong, L. Ji, P. Sun, D. Jia, and R. Wang. 2024. “Free Fatty Acids 
and Free Fatty Acid Receptors: Role in Regulating Arterial Function.” 
International Journal of Molecular Sciences 25: 7853.

Yu, F., X. Feng, X. Li, et  al. 2021. “Gut-Derived Metabolite 
Phenylacetylglutamine and White Matter Hyperintensities in Patients 
With Acute Ischemic Stroke.” Frontiers in Aging Neuroscience 13: 675158.

Yukino-Iwashita, M., Y. Nagatomo, A. Kawai, et al. 2022. “Short-Chain 
Fatty Acids in Gut-Heart Axis: Their Role in the Pathology of Heart 
Failure.” Journal of Personalized Medicine 12: 1805.

Yuzefpolskaya, M., B. Bohn, M. Nasiri, et  al. 2020. “Gut Microbiota, 
Endotoxemia, Inflammation, and Oxidative Stress in Patients With 
Heart Failure, Left Ventricular Assist Device, and Transplant.” Journal 
of Heart and Lung Transplantation 39: 880–890.

Zeng, Y., Q. Wu, M. Guo, et al. 2025. “Gut Microbiota-Derived Imidazole 
Propionate: An Emerging Target for the Prevention and Treatment of 
Cardiometabolic Diseases.” Frontiers in Endocrinology 16: 1409119.

Zhang, H., J. Meng, and H. Yu. 2017. “Trimethylamine N-Oxide 
Supplementation Abolishes the Cardioprotective Effects of Voluntary 
Exercise in Mice Fed a Western Diet.” Frontiers in Physiology 8: 944.



22 of 22 Comprehensive Physiology, 2025

Zhang, Q., L. Cheng, J. Wang, M. Hao, and H. Che. 2021. “Antibiotic-
Induced Gut Microbiota Dysbiosis Damages the Intestinal Barrier, 
Increasing Food Allergy in Adult Mice.” Nutrients 13: 3315.

Zhang, S., J. Zhou, W. Wu, Y. Zhu, and X. Liu. 2023. “The Role of 
Bile Acids in Cardiovascular Diseases: From Mechanisms to Clinical 
Implications.” Aging and Disease 14: 261–282.

Zhang, X. F., and P. Gerard. 2022. “Diet-Gut Microbiota Interactions on 
Cardiovascular Disease.” Computational and Structural Biotechnology 
Journal 20: 1528–1540.

Zhang, Y., Y. Wang, B. Ke, and J. Du. 2021. “TMAO: How Gut Microbiota 
Contributes to Heart Failure.” Translational Research 228: 109–125.

Zhao, L. 2013. “The Gut Microbiota and Obesity: From Correlation to 
Causality.” Nature Reviews. Microbiology 11: 639–647.

Zhao, Q., Y. Chen, W. Huang, H. Zhou, and W. Zhang. 2023. “Drug-
Microbiota Interactions: An Emerging Priority for Precision Medicine.” 
Signal Transduction and Targeted Therapy 8: 386.

Zhao, Y., and Z. Wang. 2020. “Gut Microbiome and Cardiovascular 
Disease.” Current Opinion in Cardiology 35: 207–218.

Zhen, J., Z. Zhou, M. He, et  al. 2023. “The Gut Microbial Metabolite 
Trimethylamine N-Oxide and Cardiovascular Diseases.” Frontiers in 
Endocrinology 14: 1085041.

Zheng, D., T. Liwinski, and E. Elinav. 2020. “Interaction Between 
Microbiota and Immunity in Health and Disease.” Cell Research 30: 
492–506.

Zheng, Y., and J. Q. He. 2022. “Pathogenic Mechanisms of Trimethylamine 
N-Oxide-Induced Atherosclerosis and Cardiomyopathy.” Current 
Vascular Pharmacology 20: 29–36.

Zhou, C., N. King, K. Y. Chen, and J. L. Breslow. 2009. “Activation of 
PXR Induces Hypercholesterolemia in Wild-Type and Accelerates 
Atherosclerosis in apoE Deficient Mice.” Journal of Lipid Research 50: 
2004–2013.

Zhu, Q., R. Gao, Y. Zhang, et  al. 2018. “Dysbiosis Signatures of Gut 
Microbiota in Coronary Artery Disease.” Physiological Genomics 50: 
893–903.

Zhu, W., J. C. Gregory, E. Org, et al. 2016. “Gut Microbial Metabolite 
TMAO Enhances Platelet Hyperreactivity and Thrombosis Risk.” Cell 
165: 111–124.

Zhu, Y., X. Shui, Z. Liang, et al. 2020. “Gut Microbiota Metabolites as 
Integral Mediators in Cardiovascular Diseases (Review).” International 
Journal of Molecular Medicine 46: 936–948.


	Microbiota in Gut-Heart Axis: Metabolites and Mechanisms in Cardiovascular Disease
	ABSTRACT
	1   |   Introduction
	2   |   Gut Microbiota Composition and Diversity in Cardiovascular Health
	2.1   |   Healthy or Optimal Gut Microbiota Composition
	2.2   |   Common Factors Influencing Gut Microbiota Composition
	2.3   |   Gut Dysbiosis and CVD

	3   |   Microbial Metabolites and Cardiovascular Pathophysiology
	4   |   Pathways Linking Gut Dysbiosis to CVDs
	4.1   |   Systemic Inflammation and Dysfunction of Endothelial Cells, Cardiac Fibroblasts, and Cardiomyocytes
	4.2   |   Immunomodulation
	4.3   |   Crosstalk via Neurohumoral and Hormonal Pathways

	5   |   Gut Microbiota and Specific Cardiovascular Conditions
	5.1   |   Hypertension and Microbial Metabolites
	5.2   |   Heart Failure and Gut Permeability
	5.3   |   Atherosclerosis and Inflammation

	6   |   Therapeutic Approaches Targeting the Gut-Heart Axis
	6.1   |   Probiotics, Prebiotics, and Synbiotics
	6.2   |   Dietary Interventions
	6.3   |   Pharmacological Approaches
	6.4   |   Fecal Microbiota Transplantation and Emerging Strategies

	7   |   Future Directions and Challenges
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


