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Abstract

The gut microbiome is increasingly recognized as a modifiable contributor to coronary artery disease (CAD). This narrative review
integrates mechanistic and clinical evidence regarding short-chain fatty acids (SCFAs), trimethylamine-N-oxide (TMAO), and bile acids,
and appraises therapeutic modulation via diet; probiotics, prebiotics, and synbiotics; fecal microbiota transplantation (FMT); and drug—
microbiome interactions. SCFAs generally confer anti-inflammatory and lipid-regulatory effects, whereas bile acid signaling exhibits
context-dependent metabolic actions. Findings regarding TMAO are inconsistent; in several cohorts, associations with cardiovascular
risk become null or attenuated after adjustment for renal function (estimated glomerular filtration rate [eGFR]) and dietary patterns.
Most interventional studies are small, use surrogate endpoints, and vary in strains and dosing, limiting certainty. Microbiome profiles
differ across geographic regions, racial and ethnic groups, and dietary patterns, underscoring the need for stratified approaches. Routine
FMT in CAD remains constrained by safety, feasibility, and ethical and logistical considerations. Overall, the microbiome represents
a promising yet unproven therapeutic target in CAD. Future trials should standardize interventions, rigorously control for confounders,

evaluate drug—microbiome interactions, and be adequately powered to detect clinical events to enable precision medicine.
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1. Introduction

Coronary artery disease (CAD), the most common
manifestation of atherosclerotic cardiovascular disease
(ASCVD), is the focus of this review. Its pathogenesis is
complex, involving lipid metabolism disorders, immune in-
flammatory response and other aspects [1,2]. CAD domi-
nates the world’s major medical burden. Worldwide, CAD
causes more than 8 million deaths each year [3]. Risk
factors for CAD include age, gender and genetic back-
ground, smoking habits, hyperlipidemia, hypertension, dia-
betes, etc. These risk factors significantly increase the risk
of CAD by promoting atherosclerosis or enhancing the in-
flammatory response. In recent years, diet and metabolic
factors are closely related to gut microbes, gradually be-
coming a new perspective for understanding the etiology of
CAD [4-6].

Gut microbiota refers to the microbial community
present in the human intestine, including bacteria, viruses,
fungi, archaea and other microorganisms, with a number of
100 trillion, and the number of its genes is 150 times more
than the human body’s own genes. Under physiological
conditions, healthy intestinal microbial communities usu-
ally show high diversity and have certain genus dominance,

including two major phyla: Bacteroidetes and Firmicutes
[7-9]. The gut microbiome mainly affects the health of
the host through the metabolites it produces. Short-chain
fatty acids (SCFAs) are one of the key metabolites pro-
duced by the fermentation of dietary fiber under the action
of gut microbiome. They play an important role in main-
taining the integrity of the intestinal barrier and regulating
systemic inflammation and metabolism [10,11]. Another
important metabolite is trimethylamine-N-oxide (TMAO),
which is formed by the metabolism of choline and carni-
tine by intestinal bacteria and is then further oxidized in
the liver. Studies have shown that elevated TMAO levels
are closely related to the progression of atherosclerosis and
coronary artery disease [12,13]. The dynamic balance of
the gut microbiome structure is highly dependent on fac-
tors such as the host’s diet, lifestyle, and immune system.
Fiber and polyphenols in dietary ingredients are believed to
increase the relative abundance of probiotics, while high-
fat and high-sugar diets may induce gut dysbiosis, thereby
affecting overall health. This complex microecological sys-
tem plays a core role in cardiovascular health by regulating
inflammatory responses, immune tolerance, and metabolic
homeostasis. For this reason, gut microbiome provides a
new research direction for the prevention and treatment of
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CAD [14,15]. This work is a narrative review. It does
not report a protocolized database search or meta-analysis;
studies were selected to illustrate mechanisms and transla-
tional relevance, and uncertainties are explicitly discussed.

2. Mechanistic Pathways Linking Gut
Microbiota and Microbial Metabolites to
CAD

2.1 Characteristics of Gut Dysbiosis

In recent years, the microbiome has emerged as one
of the focal points of research. Over the past two decades,
numerous studies have untangled the impact of microbial
communities on the physiology and metabolism of multi-
cellular organisms, further influencing health and disease
states. Bacteria are present in various parts of the human
body, including the oral cavity, gastrointestinal tract, and
skin. Within the digestive tract, the colon stands as the pri-
mary contributor to the total bacterial count, while the stom-
ach and small intestine contribute to a lesser extent. Hence,
the colon is a key site for estimating the bacterial load in
the body [16]. The gut microbiota refers to the microbial
community residing in the human intestine, comprising a
diverse array of microorganisms such as bacteria, viruses,
fungi, and archaea. With a population of up to 100 tril-
lion microorganisms and a gene count exceeding 150 times
that of the human genome, it is often described as the “sec-
ond genome” of the human body [17]. Under physiolog-
ical conditions, a healthy gut microbial community typi-
cally exhibits high diversity and possesses certain domi-
nant taxa, including Bacteroidetes, Firmicutes, Proteobac-
teria, and Actinobacteria [18]. These microorganisms are
predominantly anaerobic bacteria that typically colonize at
birth. As the organism develops, its microbiota gradually
diversifies, reaching an adult-like configuration by around
3 years of age and remaining relatively stable until old age
[19-22]. The richness and diversity of the gut microbiota
are determined by various factors such as environment, ge-
netics, and age, but are primarily influenced by the dietary
habits of the host [23,24]. The gut microbiota can degrade
nutrients, produce vitamin B and vitamin K, promoting the
growth, metabolism, and developmental processes of the
host. Simultaneously, the gut microbiota protects the host
in various ways through the production of short-chain fatty
acids via the fermentation of dietary fiber, providing en-
ergy for intestinal cells and regulating the immune system.
Furthermore, microorganisms maintain intestinal develop-
ment and integrity by secreting epithelial renewal signals
and inducing intestinal angiogenesis. In summary, accumu-
lating evidence indicates that the gut microbiota and their
metabolites contribute to host physiology relevant to car-
diovascular health; however, the magnitude, direction, and
generalizability of these effects vary across populations and
disease states [25,26]. Patients with CAD exhibit reduced
gut microbiota diversity compared to healthy individuals, a
pattern observed across multiple cohorts [27,28]. In CAD

patients, there is a significant increase in proinflammatory
bacteria such as Escherichia-Shigella, while the popula-
tion with anti-inflammatory properties, such as Faecalibac-
terium and Roseburia, decreases significantly. This sug-
gests that the ecological structure of intestinal bacteria may
play a key role in the pathophysiology of CAD [29-31].
The findings of Cui et al. [32] also indicate an increase in
the Firmicutes phylum and a decrease in the Bacteroidetes
phylum among CAD patients. Jie et al. [33] reported an
increase in the Enterobacteriaceae family and Streptococ-
cus species, accompanied by a reduction in Roseburia in-
testinalis and Faecalibacterium prausnitzii. Meanwhile,
studies have shown that the microbiota of CAD patients
exhibits lower fermentation capacity and enhanced inflam-
matory characteristics. A meta-analysis and systematic re-
view involving 21 studies have indicated differences in the
composition of gut microbiota between patients with CAD
and healthy controls. One of the most significant dispar-
ities is the reduction of beneficial Bacteroidetes and He-
licobacter species in CAD patients, coupled with an in-
crease in Enterobacteriaceae, Actinobacteria, and Verru-
comicrobia populations. Available studies report that CAD-
related shifts in gut microbiota composition are associated
with quantitative changes in putative atherogenic microbial
products—such as lipopolysaccharides, trimethylamine-N-
oxide, and selected uremic toxins—and with intermedi-
ate phenotypes (e.g., systemic inflammation and endothe-
lial dysfunction). These observations are largely derived
from observational cohorts and small interventional stud-
ies, and results—particularly for TMAO—remain hetero-
geneous; therefore, causality and effect sizes should be in-
terpreted with caution [34].

However, multiple factors can influence the gut micro-
biome. Across populations, gut microbiome composition
separates by country and lifestyle, with U.S. adults showing
lower diversity and distinct community structure compared
with Malawian and Amerindian cohorts; age explains some
variation, but geography remains a major axis throughout
life [24]. People who consume animal protein/fat for a
long time are prone to the development of Bacteroides-rich
flora, while a carbohydrate/fiber-rich diet is conducive to
the growth of Prevotella; compared with their European
peers, children with a high-fiber diet in rural areas (such as
Burkina Faso) have rich fiber-degrading bacteria and higher
levels of SCFAs [35]. Even within the same national envi-
ronment, subtle but consistent microbiome differences are
detectable across self-identified ethnic groups in the U.S.,
involving sets of taxa that replicate across cohorts and may
intersect with health disparities biology [36].

2.2 Effects of Gut Microbiota Metabolites

ASCVD—which encompasses coronary disease,
cerebrovascular disease, and peripheral artery disease—
this review focuses on CAD. Atherosclerosis is the
predominant pathological substrate of CAD, although
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Fig. 1. The gut microbiota metabolite TMAO is closely related to the occurrence and development of CAD. TMAO is a metabolite

produced from TMA, which is generated by the gut microbiota metabolism of dietary components such as choline, phosphatidylcholine,
and carnitine. TMA is then oxidized in the liver by FMO3 to form TMAO. The mechanism by which TMAO contributes to atheroscle-
rosis and coronary heart disease involves multiple levels. CAD, coronary artery disease; TMAO, Trimethylamine N-oxide; MAPKKK,

Mitogen-Activated Protein Kinase Kinase Kinase; MAPKK, Mitogen-Activated Protein Kinase Kinase; JNK, c-Jun N-terminal Kinase;
MAPK, Mitogen-Activated Protein Kinase; CD36, Cluster of Differentiation 36; SR-A1, Scavenger Receptor Class A Member 1; TNF-a,
Tumor Necrosis Factor-alpha; IL-6, Interleukin-6; ICAM-1, Intercellular Adhesion Molecule-1; TMA, Trimethylamine; FMO, Flavin-

containing monooxygenase.

plaque burden and clinical presentation vary widely
across individuals. Beyond inherited risk, environmental
contributors—including the gut microbiota—modulate
CAD susceptibility and disease expression, providing a
rationale to examine microbially derived metabolites in
CAD pathophysiology.

TMAO is a product of co-metabolism between the
host and gut microbiota. Its generation begins with the
breakdown of precursors such as choline and carnitine
from the diet into trimethylamine by gut microbiota. This
trimethylamine is then oxidized into TMAO in the liver
by the action of flavin-containing monooxygenase (FMO).
Research has indicated that TMAO plays a pathogenic
role in the occurrence and development of CAD [37,38].
TMAO promotes atherosclerosis through multiple patho-
logical mechanisms. It enhances cholesterol absorption, in-
hibits bile acid synthesis, disrupts reverse cholesterol trans-
port, and accelerates the production of foam cells. Simulta-
neously, TMAO activates inflammatory responses, which
also contribute to cholesterol overload in foam cells and
exacerbate endothelial damage. Furthermore, TMAO can
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exacerbate the progression of CAD by promoting platelet
activation and increasing the risk of thrombosis [39—41]. It
has been reported that impaired intracellular calcium trans-
port in platelets leads to enhanced platelet reactivity and in-
creased platelet adhesion to collagen fibers. TMAO also af-
fects liver lipid metabolism and systemic metabolic home-
ostasis. Specifically, it regulates genes related to liver
lipid metabolism, leading to fatty liver disease, insulin re-
sistance, altered cholesterol metabolism, and accelerated
plaque formation [37,42]. Koeth ef al. [43] confirmed
in a mouse model study that trimethylamine oxide inhibits
the expression of Cyp7al enzyme and bile acid transporter.
Cyp7al is responsible for bile acid synthesis and suppres-
sion of cholesterol catabolism. The absence of Cyp7al
leads to reduced bile acid synthesis and secretion, result-
ing in the progression of atherosclerosis. Simultaneously,
decreased expression of bile acid transporters in the liver
negatively impacts the body’s primary pathway for choles-
terol elimination. Clinical studies have validated the posi-
tive correlation between elevated levels of TMAO and the
risk of CAD. For instance, a study involving 199 patients
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with acute coronary syndrome (ACS) revealed a signif-
icant increase in blood TMAO concentrations compared
to healthy controls, and these concentrations were directly
proportional to the severity of coronary artery stenosis [44].
Furthermore, according to Senthong and colleagues [45],
elevated plasma TMAO levels predict a higher long-term
risk of death among patients with stable coronary artery
disease who are receiving optimal medical therapy. These
findings underscore the value of TMAO as a metabolic
marker in CAD and provide a target basis for interventional
therapies. Fig. 1 shows the multi-faceted mechanism of
TMAO-induced CAD. Notably, not all cohorts show a pos-
itive association between circulating TMAO and cardiovas-
cular risk. In two large prospective studies—one compris-
ing 4132 patients with suspected CAD and another com-
munity cohort of 6393 adults—TMAO did not predict 10-
year all-cause or cardiovascular mortality after multivari-
able adjustment including renal function [46]. Similarly,
in a population-based study of early-middle-aged adults,
TMAO was not associated with subclinical atherosclero-
sis (incident coronary artery calcium, CAC progression, or
carotid intima-media thickness) [47]. While TMAO has
been associated with atherosclerosis and adverse cardio-
vascular outcomes in multiple cohorts, results are not uni-
form. Associations can attenuate after accounting for re-
nal function, diet, and medications; study assays and sam-
pling (fasting vs. non-fasting) also vary. Experimental
data support endothelial and hemostatic effects, yet effect
sizes and generalizability remain uncertain, and causality
has not been definitively established. Accordingly, we use
cautious phrasing and avoid overreliance on any single line
of evidence. For TMAO, confounding by renal function
is a major consideration because TMAO is largely cleared
by the kidney. In several cohorts, the association between
circulating TMAO and CAD or atherosclerotic phenotypes
attenuates after adjustment for eGFR or when individuals
with chronic kidney disease are analyzed separately [48—
50]. Additional sources of heterogeneity include dietary
patterns (e.g., fish and carnitine intake), gut microbial com-
position, antibiotic or proton-pump inhibitor use, and liver
and bile acid metabolism. Prospective and Mendelian-
randomization evidence is mixed, with some studies report-
ing null associations with incident clinical events. These in-
consistencies underscore the need for standardized pheno-
typing, repeated measures, and careful modeling of kidney
function and diet.

SCFAs, such as acetic acid, propionic acid, and butyric
acid, are crucial metabolites produced by gut microbiota
through the fermentation of dietary fiber. These SCFAs ex-
ert multifaceted protective effects on cardiovascular health.
By binding to G protein-coupled receptors (e.g., GPR41
and GPR43) and activating histone deacetylases (HDACs),
SCFAs modulate the host immune system, thereby amelio-
rating low-grade inflammation and enhancing intestinal ep-
ithelial barrier function [2,29]. Previous studies have indi-

cated that acetic acid, butyric acid, and propionic acid play
significant roles in atherosclerosis by regulating the produc-
tion of Regulatory T cells and inhibiting histone deacety-
lase [51,52]. This influence permeates multiple aspects
of atherosclerosis. Tian et al.’s [53] research on butyrate
has shown that suppressing the expression of endothelial
cell nicotinamide adenine dinucleotide phosphate oxidase
2 and reactive oxygen species through the PPARS/miR-
181b pathway can improve endothelial function and pre-
vent atherosclerosis. Another crucial step in atherosclero-
sis is the production of adhesion molecules, which facili-
tate the adhesion between leukocytes and endothelial cells,
thereby contributing to the progression of atherosclerosis.
Studies have found that butyrate and propionate can re-
duce the expression of Vascular Cell Adhesion Molecule-
1 (VCAM-1), while the expression of Intercellular Adhe-
sion Molecule-1 (ICAM-1) remains unaffected by these two
substances. On the other hand, acetate has no effect on
either of them [54]. Lipid metabolism also plays a piv-
otal role in atherosclerosis, and there are reports indicat-
ing that SCFAs contribute to cholesterol production. Ani-
mal studies have shown that propionate plays a key role in
atherosclerosis by regulating cholesterol metabolism. An
atherosclerosis model was established by feeding Apoe-
/- mice with a high-fat diet. Propionate treatment signif-
icantly reduced total cholesterol, low-density lipoprotein,
and very-low-density lipoprotein levels, thereby preventing
the development of atherosclerosis [55]. Research by Pag-
onas ef al. [56] also demonstrates that propionic acid levels
are significantly lower in CAD patients compared to non-
CAD groups. Although direct evidence remains limited at
present, an increasing number of researchers are beginning
to focus on the potential of SCFAs, and successful cases
of SCFAs-based therapies are gradually increasing. Table 1
summarizes the relevant gut microbes associated with coro-
nary heart disease. While many cohorts link higher TMAO
with increased CAD risk, estimates vary and can attenuate
after rigorous adjustment—particularly for renal function—
underscoring between-study heterogeneity.

2.3 Intestinal Barrier Dysfunction and Systemic
Inflammation

The intestinal barrier plays a crucial role in maintain-
ing homeostasis and shielding the body from pathogenic
invasion. Its functional integrity relies on the synergistic
action of tight junctions in intestinal epithelial cells, mu-
cosal secretions, and the immune system. When the intesti-
nal barrier is damaged, such as by dietary factors high in fat
and sugar, persistent stress, or improper use of antibiotics,
the barrier permeability can significantly increase, inducing
chronic low-level inflammation [57]. Increasing evidence
suggests an elevated intestinal permeability in patients with
CAD and atherosclerosis. Intriguingly, the presence of gut-
derived bacteria has been reported in human atherosclerotic
plaques, indicating a role of bacterial translocation in the
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Table 1. Summary of gut microbial metabolites associated with coronary artery disease.

Metabolites  Source Function Effects on CAD  Evidence source
TMAO Choline, L-Carnitine Promote atherosclerosis Promote Clinical
Thrombosis
Inflammation
SCFAs Dietary fiber Anti-inflammatory Protect Animal
Improve vascular function
BCAAs Protein Insulin resistance Promote Clinical (with animal support)
Lipid metabolism disorders
LPS Gram-negative bacteria  Pro-inflammatory Promote Clinical
Vascular damage
BA BA metabolism Cholesterol metabolism Promote Clinical (with animal support)

CAD, coronary artery disease; TMAO, Trimethylamine N-oxide; SCFAs, Short-chain fatty acids; BCAAs, Branched-Chain

Amino Acids; LPS, Lipopolysaccharide; BA, Bile Acid.

pathogenesis of atherosclerosis [58,59]. In the pathologi-
cal process of CAD, this low-level chronic inflammation
exhibits a significant impact. Inflammation leads to intesti-
nal dysfunction, and the damaged intestinal barrier allows
bacteria and their metabolites (such as lipopolysaccharide,
LPS) from the intestinal lumen to enter the bloodstream,
activating a systemic immune response. This process ac-
celerates the formation of atherosclerosis and plaque insta-
bility by increasing the production of pro-inflammatory cy-
tokines and affecting the recruitment of white blood cells
(Fig. 2). These are the main characteristics of CAD devel-
opment [60—-62].

Lipopolysaccharide (LPS), a primary structural com-
ponent of intestinal Gram-negative bacteria, serves as a
crucial mediator of gut-derived proinflammatory signals.
When intestinal barrier permeability increases, LPS tends to
disseminate through the bloodstream and activate immune
cells systemically. The proinflammatory effects of LPS are
primarily achieved through the TLR4 signaling pathway,
leading to the activation of nuclear factor kappa B (NF-
xB) and the induction of a substantial release of proinflam-
matory cytokine, ultimately triggering systemic inflamma-
tion [63]. The activation of NF-xB leads to the transcrip-
tion of a range of pro-inflammatory cytokines, including
tumor necrosis factor-a (TNF-«), interleukin-15 (IL-10),
and interleukin-6 (IL-6), which contribute to endothelial
dysfunction, monocyte recruitment, and foam cell forma-
tion. Additionally, LPS-stimulated macrophages upregu-
late scavenger receptors such as CD36 and Scavenger Re-
ceptor Class A Member 1 (SR-A1), enhancing the uptake of
oxidized low-density lipoprotein (oxLDL) and accelerating
lipid accumulation within the arterial intima. This inflam-
matory milieu not only promotes plaque initiation and pro-
gression but also destabilizes existing plaques, increasing
the risk of rupture and subsequent thrombotic events [64—
66]. Emerging evidence also suggests that LPS may im-
pair cholesterol efflux pathways by downregulating ATP-
binding cassette transporters such as ATP-binding cassette
sub-family A member 1 (ABCA1) and ATP-binding cas-
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sette sub-family G member 1 (ABCG1), further exacer-
bating lipid deposition in vascular lesions. Collectively,
these findings underscore the pivotal role of LPS-induced
inflammatory signaling in the pathogenesis of atheroscle-
rosis and highlight the therapeutic potential of modulating
gut-derived endotoxemia and its downstream immune re-
sponses [67,68].

3. Evidence Landscape and Clinical
Implications

3.1 Progress of Probiotics

The application of probiotics and prebiotics in the
treatment of CAD has become a research hotspot in recent
years. Probiotics refer to live microorganisms that are ben-
eficial to the health of the host, while prebiotics are sub-
stances that promote the growth of probiotics. Common
probiotics include Lactobacillus, Bifidobacterium, Lacto-
coccus, Streptococcus, and Enterococcus. Most prebi-
otics are carbohydrates found in natural products such as
fruits, vegetables, and grains [69]. Their potential for
CAD treatment is based on the theoretical foundation of
the gut-heart axis, and is related to inflammation and lipid
metabolism [70] (Fig. 3). A recent cross-sectional study has
demonstrated that the consumption of probiotics is benefi-
cial to cardiovascular health among patients with existing
atherosclerotic disease [71]. Furthermore, a recent meta-
analysis has also indicated that the addition of probiotics or
synthetic bacteria to conventional medications for CAD can
enhance patient outcomes [72]. In a randomized controlled
trial, the combined supplementation of probiotics and in-
ulin for 8 weeks among CAD subjects was found to ex-
ert beneficial effects on depression, anxiety, and inflamma-
tory biomarkers. The addition of inulin to probiotic sup-
plements proved more effective in improving psycholog-
ical outcomes and inflammatory biomarkers compared to
the separate administration of the two supplements [73]. In
addition, several clinical studies have demonstrated the sig-
nificant efficacy of specific probiotics as adjunctive therapy
for CAD. According to Malik and colleagues, Lactobacil-
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ment of coronary artery disease. The upper panel depicts a dis-
rupted intestinal epithelial barrier, allowing translocation of gut-
derived bacteria and LPS into the circulation. The middle section
illustrates systemic endotoxemia, characterized by the presence
of LPS and microbial components in the bloodstream. These mi-
crobial products activate inflammatory signaling pathways via re-
ceptors such as Toll-like receptor (TLR) on vascular cells. The
lower panel shows the downstream vascular consequences, in-
cluding endothelial dysfunction, inflammation, and the formation
of atherosclerotic plaques, ultimately leading to coronary artery
disease. LPS, lipopolysaccharide; TLR, toll-like receptor; NO,
nitric oxide; NF-xB, nuclear factor kappa-B.

lus plantarum 299v can enhance endothelial function and
reduce systemic inflammation in CAD patients. Circulating
gut-derived metabolites may underlie these improvements,
warranting further investigation [74]. According to Sun et
al.’s study [75], combining Bifidobacterium lactis Probio-
M8 with conventional treatment provides additional bene-
fits to CAD patients, compared to conventional treatment
alone. Accumulating evidence suggests that combination
therapies, such as probiotics and prebiotics, can modulate
gut microbiota, thereby influencing the brain-gut axis or
gut-heart axis. Despite limitations in the selection and vali-
dation of functional strains, numerous probiotic or prebiotic
preparations are commercially available and exhibit good
patient compliance, making them promising candidates for
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Fig. 3. The gut-heart axis links gut microbes to cardiovascular
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disease.

novel interventions in CAD. However, the evidence for
probiotic or synbiotic supplementation for the treatment of
CAD remains limited and highly heterogeneous. Most tri-
als were single-center, short-term, and primarily focused
on surrogate endpoints (e.g., lipid profiles, inflammatory
markers, endothelial function, mood symptoms, or circu-
lating TMAO) rather than clinical events. Reported ben-
efits often varied by strain (e.g., Lactobacillus plantarum
299v; Bifidobacterium lactis Probio-MS§), with small sam-
ple sizes, varying doses and durations, and inconsistent co-
interventions [72,74,76]. Some studies demonstrated neu-
tral or mixed effects of probiotic or synbiotic supplementa-
tion on TMAO or surrogate cardiometabolic markers, with
substantial inter-study heterogeneity [77,78]. External va-
lidity was further limited by differences in baseline micro-
biome, background diet, renal function (which has a sig-
nificant impact on TMAO), and concomitant medications
(e.g., statins, PPIs, antibiotics). Risk of bias considerations
included unclear allocation concealment, incomplete blind-
ing, per-protocol analysis, and selective reporting. In sum-
mary, current data suggest that specific strains may improve
specific surrogate outcomes in specific populations, but the
quality of evidence is low to very low (GRADE), and no
conclusions about reductions in cardiovascular events can
be drawn. Well-designed, adequately powered, preregis-
tered, multicenter randomized controlled trials with stan-
dardized strain characteristics, dose, duration of treatment,
dietary control, and adjudicated outcomes are needed be-
fore routine use can be recommended.

3.2 Dietary Intervention

Healthy dietary patterns have demonstrated a signifi-
cant role in rebalancing gut microbiota and reducing the risk
of CAD. Some successful intervention strategies, including
the Mediterranean diet or cessation of red meat consump-
tion, represent more achievable methods to lower TMAO
levels and potentially decrease cardiovascular risk. These
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dietary approaches, characterized by rich dietary fiber, w-
3 fatty acids, and antioxidants, contribute to increasing the
population abundance of probiotics and enhancing the pro-
tective effects of metabolites [77,79,80]. Given recent find-
ings that dietary fiber intake is inversely associated with
dysbiosis in patients with heart failure, dietary interven-
tions featuring a high-fiber diet, alone or combined with the
Mediterranean diet, may constitute a logical next step tar-
geting the gut-heart axis. By integrating personalized nu-
tritional planning, such as genetic testing and microbiome
analysis, researchers can develop more precise dietary in-
terventions to optimize gut health. Future studies are likely
to explore the deep interactions between diet and microor-
ganisms, designing novel and more targeted intervention
strategies that provide stronger support for the prevention
and treatment of CAD [29].

3.3 Fecal Microbiota Transplant and Microbial Gene
Editing

Fecal microbiota transplantation (FMT) currently
stands as the most radical intervention targeting the gut mi-
crobiota. FMT represents an innovative therapy that re-
stores intestinal microecological balance by transferring fe-
cal microbiota from healthy donors to patients. Its appli-
cation in the treatment of CAD reflects a cutting-edge ap-
proach in modulating the gut-heart axis [81]. The theoret-
ical basis of FMT primarily derives from the close asso-
ciation between gut microbiota dysbiosis and imbalances
in metabolism and inflammatory states. The goal is to re-
store a healthy microbial ecosystem, which aids in the re-
construction of the host’s intestinal mucosal barrier func-
tion, thereby reducing oxidative stress and vascular damage
caused by microorganisms and their metabolites [82,83].
ALW-11-41-27 is a specific inhibitor of the Ephrin type-A
receptor 2 (EphA2) receptor, exhibiting anti-inflammatory
properties. Lu ef al. [84] employed fecal microbiota trans-
plantation in their study. The results indicated that the fe-
ces of mice subjected to ALW-11-41-27 treatment showed
a reduction in atherosclerotic plaques [84]. In the cur-
rent study, FMT demonstrates a significant role in improv-
ing metabolic syndrome, regulating TMAO production, and
modulating SCFAs levels. While this therapy has shown
potential superiority in certain cardiovascular diseases, its
specific mechanism of action and clinical application in the
field of CAD are still in the exploratory phase. The main
technical challenges include the complexity of donor selec-
tion (related to donor microbiota diversity and health sta-
tus consistency), safety issues during feces processing and
preservation, and the evaluation of long-term effectiveness
after transplantation [85]. Furthermore, ethical controver-
sies reflect variations in patient acceptability of FMT, par-
ticularly in aspects such as donor sources and privacy secu-
rity, which require strict management. Hence, further stan-
dardizing FMT-related procedures, optimizing transplanta-
tion techniques, and conducting long-term tracking of treat-
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ment outcomes will constitute significant breakthroughs in
this field in the future.

The introduction of gene editing technologies, such as
CRISPR-Cas9, has provided revolutionary insights for the
treatment of CAD by directly modifying microbial genomes
or host genes. For instance, by targeting and controlling
the expression of specific bacterial genes related to TMA
production, it is possible to effectively inhibit the genera-
tion of TMAO and indirectly reduce the risk of atheroscle-
rosis [4,86]. Despite ethical and long-term effectiveness
concerns, these technologies’ multi-level intervention mod-
els have pointed the way forward for precision medicine in
CAD. The interdisciplinary integration of bioinformatics,
synthetic biology, and metabolomics techniques will pro-
vide novel tools for optimizing disease intervention strate-
gies.

Microbiome-targeted interventions face non-trivial
practical and ethical barriers. For fecal microbiota trans-
plantation (FMT), recent FDA safety communications
highlight rare but serious donor-to-recipient transmission
of multidrug-resistant organisms and the need for stringent
donor screening (including SARS-CoV-2 testing), which
has tightened the regulatory environment and limited the
former policy of enforcement discretion to narrow circum-
stances [87]. Manufacturing, traceability, and quality con-
trol also shift FMT and next-generation consortia into the
“live biotherapeutic product” framework, with associated
chemistry, manufacturing and controls requirements that
complicate scaling and global trials [88]. For in situ mi-
crobiome gene editing (e.g., phage- or particle-delivered
CRISPR/base editors), off-target effects, payload contain-
ment, horizontal gene transfer, ecological disturbance, and
long-term reversibility remain unresolved; current evidence
is preclinical (mouse) or early translational [89]. Ethi-
cally, informed consent must address uncertain long-term
risks, potential community-level externalities, and data
governance around metagenomes; operationally, centers
require biosafety level-appropriate handling, donor/strain
registries, and post-marketing safety surveillance [90]. Ta-
ble 2 (Ref. [89,91-98]) summarizes microbiome-directed
interventions relevant to cardiometabolic risk, including
fecal microbiota transplantation (FMT), probiotics, prebi-
otics, next-generation microbes, enzyme inhibition of TMA
lyase pathways, and early in sifu microbiome gene-editing
approaches.

3.4 Drug—Microbiome Interactions in Cardiovascular
Pharmacotherapy

At the pharmacokinetic—pharmacodynamic interface,
the gut microbiome can transform many cardiovascular
agents, altering exposure and response. Large systematic
screens show that dozens of commonly used oral drugs are
chemically modified by gut bacteria, which helps explain
inter-individual variability [99]. Specific Eggerthella lenta
strains harbor a cardiac-glycoside reductase (cgr) operon
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Table 2. Summary of microbiome-targeted therapeutic strategies relevant to cardiometabolic outcomes.

Modality Primary endpoint Result Notes/Limitations Reference

FMT (lean—metabolic Peripheral insulin sensi- Positive (1 insulin sensitivity) Small, short follow-up; allogenic [91]

syndrome) tivity at 6 weeks vs. autologous; no CV outcomes.

FMT responder- Insulin sensitivity; bile Heterogeneous; benefit depends Generalizability limited; durabil- [92]

dependence acid/metabolic readouts  on baseline microbiome ity uncertain.

Probiotic (L. reuteri LDL-C change Positive (LDL-C |) Surrogate  outcome; strain-  [93]

NCIMB 30242) specific; not hard CV events.

Probiotic (various) on Circulating TMAO Negative/Neutral overall Small samples; heterogeneity [94]

TMAO high.

Probiotic (L. plantarum Plasma TMAO Positive (TMAO |) Single study; journal tier modest; [95]

GLP3) replication needed.

Prebiotic (inulin) Fasting & postprandial Negative (no reduction) Short duration; specific fiber [96]
TMAO type; no CV endpoints.

Next-gen microbe Safety; insulin resis- Positive on metabolic markers Pilot; no CV endpoints; effects [97]

(Akkermansia) tance; metabolic markers may depend on baseline abun-

dance.

Enzyme inhibition Weight gain/metabolic Positive mechanistic signal No human CV data; translation [98]

(TMA lyase pathway) disturbance pending.

In situ microbiome gene On-target editing; strain Feasibility shown Early-stage; [89]

editing

control

safety/containment/regulation

unresolved in humans.

that inactivates digoxin to dihydrodigoxin, reducing effi-
cacy; this phenotype depends on the presence of the cgr
genes and is inhibited by arginine [100]. Dietary nitrate re-
lies on oral nitrate-reducing bacteria to generate bioactive
nitrite/NO; antiseptic mouthwashes that suppress these bac-
teria blunt nitrite bioavailability and can raise blood pres-
sure in controlled studies—an effect relevant to patients on
BP-lowering regimens [101]. The gut-derived metabolite
TMAO enhances platelet reactivity and thrombosis poten-
tial; mechanistically, choline/TMAO can also impair clopi-
dogrel bioactivation via NOX-ROS/Nrf2-CES1 signaling,
offering one explanation for variable antiplatelet response
[102]. Antibiotic perturbation of gut flora reduces bacte-
rial vitamin-K synthesis and is a recognized cause of INR
elevation; patient-level data further link gut taxa (e.g., Pre-
votella, Eubacterium) and vitamin-K status with warfarin
dose/response variability [103]. A growing body of work
shows that gut and oral microbes can directly biotransform
cardiovascular agents or indirectly modulate host drug-
metabolizing pathways, thereby shaping inter-individual
variability in exposure, efficacy, and toxicity.

4. Future Prospects and Challenges

The concept of precision medicine emphasizes per-
sonalized diagnosis and treatment for patients, and this ap-
proach holds significant potential in the study of gut micro-
biota and CAD. The microbiota of each patient is unique,
and this diversity directly determines metabolic character-
istics and treatment outcomes in pathological processes.
Therefore, the introduction of high-throughput sequencing
technology for the microbiota is crucial to precisely analyze

the composition of microbial species and functional genes
in patients’ intestines. By integrating metabolomic data,
key metabolic pathways leading to disease progression can
be identified, enabling targeted intervention strategies. For
instance, patients with significantly elevated TMAO lev-
els can benefit from supplementation with specific probi-
otics that inhibit the production of trimethylamine, a pre-
cursor substance, thereby indirectly reducing cardiovascu-
lar risk. Furthermore, the design of clinical trials is partic-
ularly important at this stage. A preferred approach is to
adopt a multicenter randomized controlled design to ensure
the broad applicability of the results. In terms of interven-
tion measures, combinations of probiotics, prebiotics, and
other functional foods can be adjusted based on patients’
microbial profiles. Therapeutic efficacy indicators should
be specific and clear, utilizing measurements such as in-
flammatory biomarker levels, dynamic changes in metabo-
lites, and cardiovascular function assessments to compre-
hensively evaluate the effects of intervention [104].

The rapid advancement of artificial intelligence (AI)
technology is reshaping the field of medical research, par-
ticularly in the broad application prospects for CAD risk as-
sessment. By integrating Al algorithms, such as deep learn-
ing and random forests, data from various research sources
can be effectively combined to generate high-precision pre-
dictive models. The initial step in model construction in-
volves data preparation, encompassing high-quality micro-
biome sequencing data, metabolomic indicators, and rele-
vant clinical features. During the data processing phase, al-
gorithmic optimization and feature selection are employed
to reduce redundant data and enhance predictive perfor-
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mance. Through model training and validation, patterns
of correlation between various microbial characteristics and
CAD risk are untangled. Additionally, Al technology en-
ables dynamic model updates to accommodate the incor-
poration of multiple new detection indicators or risk fac-
tors. In practical applications, these models could poten-
tially serve as preclinical screening tools for identifying
high-risk populations. Furthermore, the precise risk assess-
ment outputs can guide the development of interventional
treatment plans, facilitating a seamless transition from dis-
ease prediction to intervention [105].

Conducting high-quality gut microbiome research re-
lies on the standardization of sampling procedures and the
consistency of data analysis workflows. Currently, the di-
versity in sampling methods, storage conditions, and data
analysis tools directly poses challenges to the reproducibil-
ity of research findings. The promotion of standardized
operational procedures has become one of the core is-
sues urgently needing to be addressed in this field. Re-
searchers should drive the establishment of internationally
unified sampling guidelines, including sample collection
time, methods, and preservation conditions. In terms of
data analysis, establishing unified quality control standards
and adopting analysis tools with strong platform compati-
bility will further enhance the comparability between differ-
ent studies and the convenience of data sharing. The study
of the gut microbiome and CAD is an interdisciplinary field
involving microbiology, immunology, metabolomics, and
cardiovascular disease. Future progress requires strength-
ening interdisciplinary collaboration to integrate research
capabilities in these areas.

5. Conclusion

The gut microbiome has emerged as a modifi-
able layer of CAD pathobiology and treatment response.
Converging evidence links microbially derived metabo-
lites (e.g., TMAO, bile acids, SCFAs) with atherosclero-
sis, while interventional strategies—dietary pattern shifts,
pre/pro/postbiotics, targeted enzyme inhibition, bile-acid
modulation, and selected bacteriotherapies—show promise
but remain variably supported across endpoints and pop-
ulations. Heterogeneity is the rule: microbiome profiles
and metabolite baselines differ by geography, ethnicity,
and diet, and common cardiovascular drugs exhibit bidi-
rectional interactions with the microbiome (e.g., digoxin
inactivation, nitrate—nitrite—-NO dependence on oral taxa,
TMAO-clopidogrel dynamics, vitamin-K/warfarin, statin
response variability). These realities underscore the need
to report and stratify by region, diet, and ancestry, and to
account for concomitant medications in both trials and prac-
tice. A near-term research agenda should prioritize multi-
center randomized studies with harmonized phenotyping,
robust dietary assessment, and standardized metabolomic
readouts; integration of metagenomics with host genomics,
immunometabolism, and plaque imaging; and prospective
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validation of microbiome-informed risk scores and “treat-
to-metabolite” targets. Safety, durability, manufacturing
quality (for live biotherapeutics), and regulatory and eth-
ical considerations require equal attention. If executed
with careful population context and medication review,
microbiome-guided strategies can move CAD care from
association to action—advancing precision prevention and
therapy rather than offering one-size-fits-all solutions.
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