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Diabetic cardiomyopathy (DCM), a prevalent cardiovascular complication and 

the principal driver of mortality among patients with diabetes, represents a 

significant clinical challenge. The gut microbiota, which reside a complex 

ecosystem within the human intestinal tract, play a fundamental role in host 

metabolism and systemic physiology. Mounting evidence underscores a 

critical link between gut microbial dysbiosis, microbial-derived metabolites, 

and DCM pathogenesis mediated through the gut-heart axis. This 

comprehensive review systematically synthesizes the current research 

elucidating the multifaceted interplay between the gut microbiota, their 

bioactive metabolites (e.g., short-chain fatty acids, bile acids, and branched- 

chain amino acids), and the development and progression of DCM. By 

critically evaluating the mechanisms underlying the gut-heart crosstalk, we 

provide novel insights into the etiopathogenesis of DCM. Furthermore, we 

evaluated emerging therapeutic strategies aimed at mitigating DCM by 

targeted modulation of the gut microbiota and their metabolic output, 

highlighting promising avenues for future research and clinical translation.
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1 Introduction

Diabetic cardiomyopathy (DCM) is a distinct clinical manifestation of cardiovascular 

disease and is the principal cause of mortality in individuals with diabetes (1). In its initial 

stages, metabolic disturbances precipitate alterations in the cardiac structure and function, 

characterized by impaired insulin signaling, insulin overexpression, disrupted cellular 

glucose utilization, increased myocardial uptake of non-essential fatty acids, and 

mitochondrial dysfunction (2). These physiological and metabolic anomalies contribute to 

cardiac remodeling, myocardial fibrosis, diastolic dysfunction, and ultimately to a 

reduction in ejection fraction in patients with diabetes (3, 4). DCM is a significant cause 

of mortality in patients with diabetes, independent of preexisting factors that compromise 

the cardiac ejection fraction. The incidence of heart failure is at least 2–5 times greater in 

individuals with diabetes than in those without diabetes (5, 6). Currently, there are no 

targeted pharmacological treatments for DCM, highlighting the need to identify novel 

therapeutic strategies for DCM management.
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The gut microbiota constitutes a community of 

microorganisms residing in the human gastrointestinal tract that 

plays a crucial role in the metabolism of various nutrients. It 

has been described as an acquired “new organ” and the “second 

genome,” both of which are integral to maintaining health (7). 

A significant difference in the relative abundance of microbiota 

exists between individuals with diabetes and healthy controls 

(8). Consequently, the metabolic potential of the gut microbiota 

is considered a contributing factor in the development of DCM 

through the gut-heart axis (9). The microbiota engages with the 

host via multiple pathways, such as the short-chain fatty acids 

(SCFAs) pathway, branched-chain amino acids (BCAAs) 

pathway, and the primary and secondary bile acids pathways (9). 

This study systematically reviewed the role of the gut microbiota 

and its metabolites in DCM, providing a theoretical foundation 

for targeting the gut microbiota as a novel therapeutic approach 

for DCM.

2 Pathologic mechanisms of DCM

DCM is a heart disease associated with diabetes, characterized 

by metabolic disturbances, fibrosis, and impaired systolic and 

diastolic functions in cardiomyocytes. The prevailing hypothesis 

suggests that metabolic abnormalities induced by hyperglycemia 

and insulin resistance result in increased oxidative stress, 

in7ammatory responses, and fibrosis within cardiomyocytes. 

Insulin resistance is considered a pivotal mechanism in the 

pathogenesis of DCM. Given that the myocardium is one of the 

most metabolically active tissues in the body, it utilizes a diverse 

array of substrates for energy production, primarily comprising 

approximately 70% free fatty acids (FFA) and 30% glucose (10).

Extensive research has shown that many molecular proteins 

and signaling pathways play important roles in the development 

of DCM (Figure 1). In the context of diabetes, there is a notable 

reduction in glucose transporter proteins, specifically Glut-1 and 

Glut-4 (11), which impairs the myocardium’s capacity to 

efficiently utilize glucose. This reduction diminishes a vital 

energy source, compelling the myocardium to rely increasingly 

on fatty acid metabolism. Concurrently, insulin resistance and 

enhanced lipolysis elevate FFA levels in the bloodstream, which 

can induce significant cytotoxic effects. Furthermore, the 

augmented β-oxidation of FFAs within cardiomyocytes 

contributes to electron leakage in the electron transport chain 

(ETC), facilitating the accumulation of reactive oxygen species 

(ROS). This accumulation results in structural and functional 

FIGURE 1 

Molecular mechanisms involved in the pathogenesis of diabetic cardiomyopathy (DCM). DCM involves multiple pathological processes, including 

glucose metabolism disorders, mitochondrial dysfunction, endoplasmic reticulum stress, lipotoxicity, inflammation, oxidative stress, apoptosis, 

and autophagy imbalance.
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abnormalities in cells (12–15). ROS also activate a variety of 

signaling pathways, such as NF-κB, p38 MAPK, and JNK (16, 

17). The activation of these pathways can further amplify 

in7ammatory responses and apoptosis, thereby exacerbating 

lipotoxicity, playing a critical role in the cardiac dysfunction 

associated with DCM. Additionally, insulin resistance maintains 

the myocardium in a state of persistent hyperglycemia with 

excess circulating glucose-activating polyol protein kinase (PKC) 

through the hexosamine pathway. PKC activation facilitates the 

formation of advanced glycosylation end-products (AGEs) (18). 

The interaction between AGEs and the receptor for AGEs 

(RAGE) results in elevated oxidative stress, which enhances the 

production of ROS and activates in7ammatory mediators such 

as intercellular adhesion molecule 1 (ICAM-1), vascular cell 

adhesion molecule 1 (VCAM-1), tumor necrosis factor-alpha 

(TNF-α), and interleukin-6 (IL-6), consequently leading to 

cellular damage (19). Additionally, PKC activation can further 

stimulate NF-κB signaling pathway, thereby promoting the 

expression of in7ammatory mediators and exacerbating the 

in7ammatory response and cellular injury (20). Consequently, 

insulin resistance induces sustained oxidative stress in 

cardiomyocytes, a condition that may in7ict damage on the 

mitochondria and DNA, initiate lipid peroxidation in cell 

membranes, and activate multiple cell death pathways.

The effect of DCM on cardiac health extends beyond 

cardiomyocytes and encompasses various heart structures and 

functions. Notably, diabetes-induced small-vessel vasculopathy 

compromises the blood supply to the cardiac microvasculature, 

precipitating myocardial ischemia and dysfunction (21). 

Impaired endothelial cell function is a critical factor in 

microvascular dysfunction. This impairment arises from 

oxidative stress and the accumulation of AGEs due to chronic 

hyperglycemia, which directly damages endothelial cells and 

affects the diastolic function of microvessels (22). Consequently, 

compromised endothelial cell function results in decreased nitric 

oxide release and increased endothelin-1 release, leading to 

abnormal microvascular contractions. The resultant impaired 

vasodilation adversely affects cardiac blood supply, ultimately 

diminishing cardiac function (23).

Furthermore, sustained hyperglycemia stimulation can also 

result in the overactivation of cardiac fibroblasts (CFs) and 

induce their differentiation into myofibroblasts, resulting in 

myocardial extracellular matrix (ECM) imbalance and 

myocardial fibrosis (24). Activation of TGF-β/Smads and 

AMPKα signaling pathway is able to promote the proliferation, 

activation and collagen production of CFs to induced cardiac 

fibrosis in DCM (25). Cardiac hypertrophy and altered collagen 

subtype deposition are key features of maladaptive remodeling 

in DCM. Accumulating evidence indicates that microbial 

metabolites such as trimethylamine N-oxide (TMAO) promote 

hypertrophy and fibrosis via TGF-β/Smad and MAPK pathways 

(26), whereas SCFAs and bile acids may exert protective, 

antihypertrophic effects through epigenetic and GPCR-mediated 

signaling (27–29). These findings support a causal link between 

gut microbiota dysbiosis and hypertrophic remodeling, further 

reinforcing the gut–heart axis in DCM pathogenesis.

In summary, the molecular mechanisms underlying DCM are 

highly complex and involve multiple cardiac cell types. These 

include cardiomyocyte injury, metabolic abnormalities, 

endothelial dysfunction, aberrant fibroblast activation, and 

functional alterations in other cell types. An in-depth study of 

the pathological mechanism and related molecular pathways of 

DCM, as well as a summary of the relevant achievements in the 

treatment of current research are expected to offer valuable 

insights for the prevention and therapy of DCM.

3 The role of gut bacterial and its 
metabolites in the development of 
DCM

3.1 Composition of gut microbiota

The human gut microbiota is a complex and diverse 

community that plays a crucial role in various physiological 

processes, including nutrient absorption, immune regulation, 

and maintenance of defense barriers (30). This vast microbial 

ecosystem comprises hundreds of millions of microorganisms, 

including bacteria, fungi, and viruses (31). The human 

gastrointestinal tract harbors approximately 1,000–1,150 bacterial 

species distributed across seven phyla (32). More than 99% of 

these microorganisms belong to Firmicutes, Actinobacteria, 

Bacteroidetes, and Ascomycetes, whereas Clostridia, Archaea, 

Deferobacteria, and Spirochaetes constitute less than 1% (30). 

Extensive research has demonstrated a strong association 

between the gut microbiota and the preservation of host health 

and pathogenesis of diseases (33). Notably, an increased ratio of 

Firmicutes to Bacteroidetes is indicative of a disruption in gut 

microbial homeostasis, which is potentially linked to certain 

pathological conditions, whereas a decreased F/B ratio is 

associated with reduced levels of beneficial gut 7ora and an 

increase in potentially pathogenic bacteria (34). This ratio is 

subject to alterations caused by factors, such as dietary changes, 

physical activity, antibiotic use, and other external in7uences.

3.2 Dysbiosis of gut microbiota and DCM

An expanding body of evidence indicates that modifications in 

gut microbial species, their abundance, and shifts in colonization 

patterns are implicated in the pathogenesis of obesity, diabetes, 

cardiovascular diseases, and metabolic and neurodegenerative 

disorders (35–37). Disruption in the proportion of gut 

microbiota can compromise the integrity of the intestinal 

epithelium and increase its permeability, resulting in metabolic 

endotoxemia (38, 39). This study systematically reviews current 

research elucidating the multifaceted interplay between the gut 

microbiota, their bioactive metabolites (e.g., short-chain fatty 

acids, bile acids, and branched-chain amino acids), intestinal 

barrier function, and the development and progression of 

DCM (Figure 2).
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Commonly reported findings suggest that Bifidobacterium spp., 

Anaplasma spp., E. Faecalibacterium spp., Ackermann spp., and 

Rothbaryomyces spp. are negatively associated with type 2 diabetes 

(40–43), whereas Ruminalococcus spp., Clostridium spp., and 

Brautella spp. are positively associated with the condition (44). 

According to a study by Tsai et al. (45), an analysis of gut 

microbiota species abundance and echocardiographic data from 

155 patients with type 2 diabetes revealed associations between the 

phylum Firmicutes, the genera Mycobacterium anisopliae, the F/B 

ratio, and Mycobacterium spp. with structural cardiac changes as 

well as systolic and diastolic dysfunction in these patients. SCFAs- 

producing bacteria, including Bifidobacterium (45–47), Roseburia 

(48, 49) and Faecalibaculum prausnitzii (42, 50) was consistencily 

reported significantly reduced in patients with in type 2 diabetes 

patients and in patients with heart failure, as well as in diabetic 

animal models. On the contrary, Escherichia-Shigella, which was 

identified as a harmful bacterium, was increased in patients with 

type 2 diabetes and associated with the risk of cardiovascular 

complications (51, 52). Zhao et al. found in failing hearts that 

dysbiosis led to the exhaustion of butyric acid-producing bacteria, 

inhibited fatty acid oxidation in myocardial cells, and turned to 

rely on low-efficiency glycolysis, forming an “energy hunger” state, 

which further disrupted myocardial metabolism (53). Additionally, 

mycobacteriophages, thick-walled mycobacteriophages, and 

Mycobacterium spp. were positively correlated with left ventricular 

ejection fraction. Furthermore, low levels of the Firmicutes phylum 

have been significantly associated with an increased risk of left 

ventricular hypertrophy (45). Kummen et al. (47) also reported a 

reduced abundance of Bifidobacterium spp. in patients with heart 

failure compared to healthy individuals. Although significant gut 

microbiota dysbiosis is observed in patients with DCM, the 

specific gut-heart axis pathways through which dysbiosis disrupts 

myocardial metabolism and compromises cardiac function, fueling 

DCM advancement, require deeper mechanistic investigation. 

FIGURE 2 

The current research elucidating the multifaceted interplay between the gut microbiota, their bioactive metabolites, intestinal barrier function, and 

the development and progression of diabetic cardiomyopathy (DCM). The diagram highlights how the gut microbiota and their bioactive metabolites 

interactions influence the development and progression of DCM by depicting pathways leading to increased epithelial permeability, inflammation, 

insulin resistance, adipotoxicity, endothelial injury, and immune imbalance. Key microbial species (e.g., Bifidobacterium, Bacteroides, Escherichia/ 

Shigella, Faecalibacterium, Roseburia) and their roles in health vs. disease states are shown, along with molecular mediators like LPS, TNF-α, IL-6, 

TGR-5, and AMPK.
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Table 1 systematically delineates the human-versus-murine 

alterations in gut microbiota associated with DCM and provides a 

comparative analysis of inter-species concordance and discordance. 

3.3 The role of gut microbial metabolites in 
the development of DCM

3.3.1 Bile acids

Bile acid metabolism is integral to the pathophysiology of 

cardiovascular and metabolic disorders in patients with diabetes who 

experience myocardial damage. In db/db mice (a leptin receptor- 

deficient DCM model), a decrease in Firmicutes and an increase in 

Helicobacter were observed. Treatment with Scutellariae Radix and 

Paeoniae Radix Alba restored the gut microbiota equilibrium by 

modulating myocardial glycerophospholipid and arachidonic acid 

metabolism via bile acid/taurine pathways. This attenuates cardiac 

dysfunction, hypertrophy, and fibrosis in DCM (54).

Changes in plasma bile acid profiles in patients and animal 

models with diabetes suggest an association between the bile acid- 

G protein-coupled receptor 5 (TGR5) pathway and diabetes (55). 

TGR5 is a member of the protein-coupled receptor family and 

serves as a bile acid membrane receptor with a significant 

regulatory function in glucose metabolism (56). TGR5 is 

extensively expressed in various human tissues, including the 

gallbladder and intestines, and its mechanism of action involves 

multiple signaling pathways (57). Activation of TGR5 in7uences 

energy metabolism and regulates intestinal motility. Additionally, 

bile acid metabolism, a crucial component of bile, is modulated by 

gut microbiota. The gut microbiota metabolizes bile acids secreted 

into the duodenum into secondary bile acids (58), and alterations 

in the composition of these secondary bile acids reciprocally affect 

the distribution of the gut microbiota (59). According to Wang 

H et al. (60), in patients with diabetes, myocardial damage is 

associated with decreased levels of bile acids, particularly those that 

preferentially bind to TGR5 receptors, such as deoxycholic acid, 

which are positively correlated with cardiac function. The absence 

of TGR5 augments the uptake of fatty acids by the heart, leading 

to lipid accumulation within cardiac tissue. This phenomenon was 

attributed to the loss of TGR5, which resulted in increased 

DHHC4-mediated palmitoylation of CD36. This modification 

promotes the localization of CD36 to the plasma membrane, 

thereby enhancing the myocardial uptake of fatty acids (60). The 

TGR5-DHHC4 pathway is instrumental in regulating cardiac fatty 

acid uptake, underscoring the deleterious effects of TGR5 

deficiency in patients with DCM. Consequently, bile acid 

metabolism plays a critical intermediary role in linking TGR5 to 

the gut microbiota (55).

3.3.2 Short-chain fatty acids
Short-chain fatty acids (SCFAs), including butyrate, acetate, 

and propionate, are predominantly generated during bacterial 

TABLE 1 The characteristically changed gut microbes in human or animal models with diabetic cardiomyopathy (DCM).

Bacterial 
genus

The 
changing 
trend in 

DCM

Human Research Animal Model Research Analysis of consistency and 
difference

Bacteroides Increase or 

decrease

It was decreased in patients with chronic 

heart failure by Zhang et al (40) and 

Mirhosseini et al (41), but increased in 

the study reported by Huang et al (36); In 

patients with T2DM, Bacteroides are 

deceased and negatively correlated with 

T2DM (37).

The abundance of Bacteroides was 

deceased in the STZ-induced diabetic 

mice or rat model (16, 90).

Notable discrepancies are observed, with 

inconsistent directions of change. These 

variations may be associated with different 

stages in the onset and progression of 

DCM, warranting further investigation

Bifidobacterium Decrease Low abundances of Bifidobacterium was 

observed in T2DM patients (45) and in 

patients with heart failure (46).

Bifidobacterium was decrease in DCM 

mice and abundant by myricetin 

treatment (47).

High consistency. As another important 

genus of SCFAs-producing bacteria, its 

reduction has been observed in both 

human and animal models.

Lactobacillus Decrease The abundance is relatively reduced in 

the cohort of patients with chronic heart 

failure (99).

The abundance of Lactobacillus was 

significantly reduced in STZ-induced 

diabetic mice (69).

The consistency is relatively high. The 

reduction of Lactobacillus is a core feature 

of the dysbiosis related to diabetes.

Roseburia Decrease The abundance is decreased in patients 

with T2DM (51).

The abundance is decreased in the rat 

model of T2DM (49).

High consistency. As another important 

genus of SCFAs-producing bacteria, its 

reduction has been observed in both 

human and animal models.

Faecalibacterium 

prausnitzii

Decrease Its abundance is significantly reduced in 

patients with T2DM complicated with 

cardiac insufficiency (45).

It was reduced in prediabetic and 

diabetic mice. Faecalibacterium and its 

extracts lower blood glucose and HbA1c 

levels, and improved glucose response in 

mice (50).

High consistency. Its abundance has been 

observed to decline in both human and 

animal models. Its reduction is an 

important feature of DCM.

Escherichia- 

Shigella

Increase It is associated with the risk of 

cardiovascular complications in patients 

with diabetes (51, 52)

In the DCM model, the amplification of 

LPS-rich strains promotes systemic 

in7ammation (29).

High consistency. The increase of this 

genus is a key indicator of the pro- 

in7ammatory state and is closely related to 

the in7ammatory pathology of DCM in 

both human and animal models

T2DM, type 2 diabetes mellitus; LPS, lipopolysaccharide; STZ, streptozotocin; SCFAs, short-chain fatty acids.
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fermentation of indigestible carbohydrates in the colon (61). SCFAs 

play a crucial role in modulating the intestinal barrier integrity, 

thereby exerting anti-in7ammatory effects (62). They in7uence 

immune cell function and reduce the levels of pro-in7ammatory 

mediators, thus contributing to a balanced immune response (62). 

Myricetin can improve cardiac function in mice with DCM by 

restoring gut microbiota homeostasis, especially for SCFA- 

producing bacteria, including Roseburia, Faecalibaculum, and 

Bifidobacterium (47). Specifically, butyrate regulates the intestinal 

macrophage function by inhibiting histone deacetylases (HDACs), 

which are essential for maintaining intestinal immune homeostasis 

and mitigating chronic in7ammation, thereby supporting intestinal 

health and function (63). Recent studies have indicated that 

propionate enhances vascular endothelial function by reducing the 

number of in7ammatory cells such as T helper 17 cells and effector 

memory T cells. This reduction aids in maintaining a normal 

vascular endothelial status and blood 7ow, consequently 

diminishing cardiovascular damage (64, 65). Acetate, on the other 

hand, protects the heart by modulating genes associated with 

cardiac fibrosis and cardiac hypertrophy, and a high-fiber diet and 

acetic acid supplementation reduced the expression of nuclear factor 

κB (Nf-kB), nitrogen oxide reductase 2 (Nox2), and fibroblast 

growth factor 21 (Fgf21), decreased in7ammation, and reduced 

oxidative stress, which resulted in significantly significant reductions 

in systolic and diastolic blood pressure, cardiac fibrosis and left 

ventricular hypertrophy (66, 67). SCFAs also slowed the 

development of DCM by binding to G protein-coupled receptors, 

enhancing GLP-1 release, and improving insulin sensitivity (68). 

Although gut microbiota-derived SCFAs have shown great potential 

in alleviating DCM, direct evidence that regulation of the gut 

microbiota in7uences specific SCFAs levels to improve cardiac 

function is still lacking. Future research should focus on the 

protective effects of short-chain fatty acid-producing probiotics, such 

as Lactobacillus spp. (69) and Bifidobacterium (70), against DCM, 

along with their therapeutic potential as probiotics to mitigate 

diabetes-related complications.

3.3.3 Branched-chain amino acid metabolism
Branched-chain amino acids (BCAAs) are comprised of three 

essential amino acids: leucine, isoleucine, and valine. Following 

ingestion, proteins are metabolized to BCAAs in the intestine 

(71–73). Several studies have indicated that elevated levels of 

BCAAs are present in the blood of obese and insulin-resistant 

humans and rodents (74–76). Notably, significantly increased 

levels of cardiac BCAAs have been observed in the left ventricular 

samples of patients with DCM. This accumulation of BCAAs has 

been associated with impaired insulin signaling pathways, as 

evidenced by an increase in the upstream regulator, 

phosphorylated p70S6 kinase (P-p70S6K), and a decrease in the 

downstream regulatory factors AKT and phosphorylated glycogen 

synthase kinase 3 beta (P-GSK3β) (77, 78). The presence of 

acetolactate synthase-positive S. aureus correlates with BCAA 

levels and is associated with increased fasting blood glucose 

(FBG) and insulin resistance in patients with type 2 diabetes (79). 

When BCAA catabolism is reduced, intracellular BCAA levels 

increase, especially leucine and isoleucine from bacterial sources 

accumulate in the myocardium (80), perpetuating the activation 

of the mTORC1-SREBP1 signaling pathway. This activation 

promotes lipogenesis while inhibiting lipolysis, leading to cardiac 

lipotoxicity and the exacerbation of myocardial fibrosis (81). 

Pyridostigmine was found to restore gut microbiota homeostasis, 

decrease the abundance of BCAA-producing microbes, and 

improve the intestinal barrier to reduce circulating BCAA levels, 

thus exerting protective effects against DCM (82). In addition, 

restricting dietary BCAAs restored glucose tolerance and insulin 

sensitivity in HFD-fed mice (83).

However, the oral administration of BCAAs (such as 

isovalerate, 2-methylbutyrate, and isobutyrate) inhibits lipid 

accumulation and macrophage foam cell formation, thus 

attenuating atherosclerosis (84) and aging (85). In high-fat diet- 

induced obese mice, the long-term effects of BCAAs restriction 

ameliorated HFD-induced gut microbiota disorder by reducing 

the abundance of obesity-linked bacteria, such as Lactococcus 

and Oscillibacter (86). This contradictory phenomenon may be 

attributed to the intervention time and dosage of the BCAAs 

used for the aforementioned metabolic diseases. One hypothesis 

is that dietary BCAAs may exert beneficial effects by supporting 

myocardial energy metabolism under stress, whereas bacterial- 

derived BCAAs may contribute to metabolic overload and 

lipotoxicity through chronic activation of the mTORC1 pathway 

(87). Moreover, circulating BCAA levels may differentially 

impact cardiac physiology depending on the host’s metabolic 

state: in insulin-resistant individuals, elevated BCAAs exacerbate 

metabolic in7exibility and mitochondrial dysfunction, while in 

nutrient-deprived or failing hearts, moderate supplementation 

may provide essential substrates for protein synthesis and energy 

support (88). Supporting this context-specific view, human 

dietary intervention studies have shown that BCAA restriction 

can improve insulin sensitivity and metabolic health. For 

example, Cummings et al. demonstrated that dietary BCAA 

restriction improved glucose homeostasis and reduced body 

weight in obese adults, suggesting that excessive BCAA intake 

may be detrimental in the setting of metabolic syndrome (83). 

Conversely, experimental models of heart failure suggest that 

insufficient BCAA supply may impair cardiac protein turnover 

and worsen contractile dysfunction. Taken together, these 

findings indicate that the impact of BCAAs on DCM is likely 

dose-dependent, source-specific, and modulated by host 

metabolic state, underscoring the importance of personalized 

dietary and microbiota-targeted strategies.

In summary, current evidence indicates that BCAAs are 

closely related to the progression of DCM and that reducing the 

intake of BCAAs may help improve DCM.

3.4 Intestinal barrier function and DCM

The intestinal barrier is composed of the intestinal epithelium, 

mucosal layer, and underlying immune system (89). Intestinal 

epithelial cells establish a physical barrier that delineates the 

intestinal lumen from the underlying tissues, thereby preventing 

the translocation of harmful substances, such as endotoxins and 
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pathogens, from the gut into the circulatory system (90). This 

barrier also plays a crucial role in modulating the immune 

response (91). The integrity of the intestinal barrier is maintained 

by tight junction proteins such as occludins and claudins, which 

regulate the permeability of the epithelial layer. In mice with 

DCM, the ability of the gut microbiota to support barrier 

function is impaired, leading to increased intestinal permeability 

(92). Disruption of these tight junctions results in increased 

intestinal permeability, commonly referred to as “leaky gut,” 

allowing harmful substances to enter the bloodstream and 

subsequently trigger a systemic in7ammatory response (93). In 

individuals with diabetes, persistently elevated blood glucose 

levels and metabolic abnormalities frequently lead to alterations 

in the intestinal barrier function, which in turn leads to chronic 

in7ammation. This in7ammation adversely affects cardiac tissue, 

accelerating myocardial damage and cardiac decline, thereby 

exacerbating DCM symptoms (94). Furthermore, it was 

demonstrated that the enhancement of intestinal barrier function 

can be beneficial for DCM through reduction of endotoxins, such 

as lipopolysaccharide (LPS), and in7ammatory mediators (TNF-α 
and IL-6 etc.). These mechanisms contribute to the attenuation of 

systemic in7ammation and the deceleration of intestinal 

permeability, thereby potentially ameliorating DCM (47).

4 Adjunctive therapies based on gut 
microbiota

Modulation of the gut microbiota, inspired by the gut-heart 

axis (95), may effectively improve cardiac function in patients 

with DCM. This suggests the need for adjunctive treatments 

aimed at ameliorating dysbiosis, repairing the gut barrier, and 

suppressing in7ammation. Table 2 summarizes the reported 

effects of microbiota-based adjunctive interventions in DCM 

animal models.

4.1 Probiotics and prebiotics

Probiotics and prebiotics have been extensively investigated 

for enhancing the intestinal microecological balance by 

supplementing beneficial bacteria or promoting their growth, 

thereby potentially in7uencing DCM progression (96). Resistant 

starch, recognized as a prebiotic, has demonstrated significant 

potential in alleviating various diseases, altering the intestinal 

microbiota, and improving intestinal mucosal permeability 

towards a favorable direction in DCM (92). Probiotics can 

inhibit the proliferation of pathogenic 7ora such as Escherichia 

coli, Staphylococcus aureus, and Klebsiella, alter the 

composition of the gut microbiota, maintain a healthy intestinal 

microecological balance, and reduce in7ammation levels (97, 

98). Furthermore, probiotics can supply essential nutrients to 

beneficial bacteria, such as Bifidobacteria and Lactobacillus, 

stimulate their growth and activity, modulate the intestinal 

immune system, effectively enhance the local immune response, 

and mitigate intestinal in7ammation (99, 100). Through 

fermentation, probiotics produce short-chain fatty acids that 

help maintain the acidic environment of the intestinal tract, 

which can inhibit the growth of pathogenic bacteria and 

promote the growth of the intestinal epithelium, thereby further 

augmenting their beneficial effects on the host (98).

Probiotic supplementation and dietary modulation constitute 

two complementary yet mechanistically divergent approaches to 

modulating the gut microbiota. Administration of probiotics, 

TABLE 2 The effects of microbiota-based adjunctive interventions in DCM animal models.

Animal 
model

Interventions Duration of 
treatment

Core Conclusion

db/db mice Probiotics was consists of ten Lactobacillus strains, orally fed 

with the probiotics once a day

6 weeks Probiotics improved blood glucose and blood lipid parameters, 

increasing the levels of SCFAs-producing bacteria and SCFAs (98).

HFD/STZ- 

DCM

FMT, normal Ctrl mice were used as donors for FMT 2 weeks FMT improves cardiac functions, decreases atrial natriuretic peptide 

(ANP) and B-type natriuretic peptide (BNP), alleviates cardiomyocyte 

hypertrophy and fibrosis of DCM mice (111).C57BL

HFD-C57Bl/ 

6N mice

FMT was performed via oral gavage on three separate days 

(days 1, 3, 5)

6 weeks FMT from nitrate-fed mice could prevent HFD–induced cardiac 

abnormalities, glucose intolerance, adipose in7ammation, serum 

lipids, and gut dysbiosis (109).

HFD/STZ- 

DCM

Oral gavage of FMT, DCM mice pretreated with antibiotic 

cocktails and paeoni7orin were used as recipients

4 weeks FMT improved cardiac function, alleviated myocardial fibrosis ratio, 

cardiomyocyte hypertrophy, decreased proportion of ferroptosis 

positive cells and myocardial injury markers (110).C57BL

HFD/STZ- 

DCM

FMT every two days, gut contents derived from control mice 

or myricetin and STZ treated mice

16 weeks FMT had no differences in blood glucose and body weight, but 

alleviated cardiac dysfunction and fibrosis in DCM mice (47).

C57BL

HFD/STZ- 

DCM

Mice were given BCAAs in their drinking water (10 mM 

leucine, 5 mM isoleucine and 5 mM valine)

12 weeks Oral BCAAs supplementation induced mitochondrial damage and 

myocardial cell apoptosis and caused cardiac fibrosis and dysfunction 

in DCM mice (111).C57BL

HFD-C57BL 

mice

supplemented the SCFAs-containing diets with 5% SCFAs 30 weeks SCFAs reduced body-fat gain, lowered hepatic triglycerides and 

improved insulin sensitivity (118).

HFD/STZ- 

DCM

deoxycholic acid (50 mg per kg body weight), taurocholic 

acid (200 mg per kg body weight) or vehicle (carboxymethyl 

cellulose) once daily

12 weeks Administration of deoxycholic acid and taurocholic acid effectively 

alleviated lipid accumulation cardiac in7ammation and oxidative 

stress, and cardiac remodelling in DCM mice (62).C57BL

HFD, high-fat diet; STZ, streptozotocin; FMT, fecal microbiota transplant; SCFAs, short-chain fatty acids; BCAAs, branched-chain amino acids.
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whether as single strains or defined microbial consortia, allows for 

precise dosing and may exert relatively rapid metabolic effects. 

Nevertheless, their therapeutic efficacy is highly strain- 

dependent, colonization is often transient, and outcomes are 

in7uenced by host-specific and ecological factors (101). By 

contrast, dietary modulation, commonly achieved through 

fermentable fiber or prebiotic intake, alters the luminal 

environment to promote the growth of resident SCFA- 

producing taxa (102). Although this strategy typically acts more 

gradually and requires sustained adherence, it has the potential 

to induce more persistent ecological remodeling. Clinically, a 

combined approach may be advantageous: probiotics can deliver 

short-term metabolic benefits, while concurrent fiber-based 

interventions reinforce microbial shifts and support long-term 

stability (103).

Ensuring safety remains a central challenge in microbiota- 

targeted therapies. While probiotics are generally considered safe 

in immunocompetent individuals, sporadic reports of 

bacteremia, fungemia, and even endocarditis have emerged, 

particularly among immunocompromised or critically ill patients 

(104). To minimize these risks, recommended strategies include 

employing genomically defined strains with resistance profiling, 

excluding or closely monitoring vulnerable populations, and 

maintaining vigilant surveillance for potential invasive infection 

(105). In contrast, dietary modulation is associated with a 

substantially lower risk of infection, though abrupt introduction 

may lead to gastrointestinal discomfort or metabolic 

disturbances (106). Collectively, these considerations highlight 

the importance of tailoring microbiota-directed interventions to 

both efficacy goals and patient safety profiles.

4.2 Fecal microbiota transplantation (FMT)

FMT involves transferring stool from a healthy donor to the 

recipient’s gastrointestinal tract to restore the microbial balance 

(107). Although FMT is an innovative therapy for metabolic 

syndrome and cardiovascular disease (108), its use in DCM 

remains limited. Recently, Petrick et al. reported that DCM mice 

induced by an 8-week high-fat diet (HFD) developed left 

ventricular fibrosis, reduced stroke volume, glucose intolerance, 

adipose in7ammation, and gut dysbiosis. Microbiota 

transplantation from nitrate-supplemented HFD mice or low-fat 

diet donors (via FMT administered on days 1, 3, and 5 post- 

modelling) reduced serum lipids and in7ammation and 

prevented glucose intolerance and cardiac structural changes 

(109). Another study showed that FMT (administered every 

other day for 4 weeks) improved cardiac function, and 

suppressed ferroptosis in DCM mice (110). Zheng et al. also 

identified that FMT (2 weeks) improves cardiac functions, 

alleviates cardiomyocyte hypertrophy and fibrosis of DCM mice 

(111). Similarly, after treatment with antibiotics for 2 weeks, 

Zhu et al. found that FMT (every 2 days for 16 weeks) alleviated 

cardiac dysfunction and fibrosis, the in7ammatory response of 

cardiomyocytes, and intestinal barrier integrity in 

streptozotocin-induced DCM mice (47). The above evidence has 

preliminarily confirmed the protective effect of FMT on DCM 

from preclinical studies.

In addition, Hu et al. found in clinical research that multiple 

FMT from lean donors in patients with obesity and related 

metabolic disorders could significantly reduce body weight, 

improve blood glucose and lipid levels, and achieve multiple 

metabolic benefits by reshaping the gut microbiota, reducing 

in7ammation and TMAO levels, with good short-term safety 

(112). However, at present, this treatment is limited by the 

unstable colonization of probiotics and cannot be widely used, 

there are significant differences in baseline microbiota, genetic 

background and medication history among patients with different 

DCM, resulting in unstable therapeutic effects (113). Specifically, 

FMT effects depend heavily on donor microbiome, recipient 

baseline ecology, diet, and medications (especially antibiotics, 

proton pump inhibitors, statins). Many trials report transient 

engraftment and short-lived metabolic benefits. Predictable, 

durable engraftment in older, multimorbid DCM patients is 

uncertain (114). In addition, DCM is heterogeneous and 

microbiome modulation may help patients whose DCM has a 

metabolic/in7ammatory component, but will likely be ineffective 

in purely genetic sarcomeric DCM. Trials must prespecify 

subgroups (e.g., the degree of intestinal 7ora imbalance, specific 

bacterial components and gut permeability markers) (115). More 

important, despite rigorous donor screening, there is a non-zero 

risk of transfer of pathogens or antimicrobial-resistant organisms. 

For immunocompromised or frail HF patients this risk is 

meaningful (116). In summary, while FMT theoretically holds 

promise for DCM treatment, its extended disease modeling 

period requires further investigation to determine the optimal 

intervention timing, frequency, and dosage.

4.3 Treatment with gut-derived 
metabolites

Gut-derived metabolites in7uence DCM by modulating 

metabolites produced by the gut microbiota. For instance, 

SCFAs such as acetic acid, propionic acid, and butyric acid have 

been shown to confer cardiovascular benefits by enhancing 

insulin sensitivity and mitigating in7ammation (117, 118). 

Additionally, omega-3 fatty acids found in fish oil may enhance 

cardiovascular health and reduce myocardial in7ammation 

(119). Compounds such as catechins in green tea and resveratrol 

in grapes have also been associated with improved 

cardiovascular function (120, 121). Adequate dietary fiber intake 

is crucial as it moderates postprandial blood glucose spikes and 

enhances insulin sensitivity, thanks to dietary fiber, short-chain 

fatty acids such as butyric acid are significantly increased (122), 

thereby reducing postprandial insulin requirements and 

contributing to more stable blood glucose levels (123). Stabilized 

blood glucose levels are instrumental in minimizing myocardial 

damage and safeguarding cardiac health, thereby decelerating 

DCM (124). Notably, Bile acids have been shown to mitigate 

cardiac in7ammation and oxidative stress and enhance cardiac 

function by activating TGR5 receptors, thereby alleviating 
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myocardial damage induced by diabetes (62). Future 

pharmacological research could concentrate on augmenting the 

synthesis of these advantageous metabolites or diminishing the 

production of detrimental metabolites as therapeutic strategies 

for DCM.

5 Conclusion

This review examines the intricate relationship between the 

gut microbiota and its metabolic processes in the context of 

DCM and proposes potential therapeutic strategies. Dysbiosis, 

intestinal metabolites such as bile acids and short-chain fatty 

acids, compromised intestinal barrier function, and 

in7ammation induced by the gut microbiota have all been 

implicated in the pathogenesis of DCM. However, the precise 

mechanism underlying this association requires further 

investigation. This review underscores the potential for drug 

development focusing on probiotic- and metabolite-based 

interventions, as well as the regulation of systemic in7ammation. 

These strategies may mitigate the progression of DCM by 

restoring intestinal microecological balance, enhancing intestinal 

barrier integrity, and attenuating in7ammatory responses. Future 

research should aim to rigorously evaluate the efficacy and 

safety of these interventions in clinical settings with the goal of 

providing more effective cardiovascular protection for patients 

with DCM.

Author contributions

ZJ: Supervision, Project administration, Writing – original 

draft, Conceptualization, Investigation, Methodology. XY: 

Writing – review & editing, Writing – original draft, Data 

curation, Software, Validation. HG: Writing – original draft, 

Investigation, Data curation, Resources. PW: Resources, 

Investigation, Writing – original draft, Data curation. LM: Data 

curation, Writing – original draft, Investigation, Funding 

acquisition, Writing – review & editing, Project administration. 

HuL: Funding acquisition, Writing – original draft, Formal 

analysis, Supervision, Writing – review & editing, Visualization, 

Conceptualization. HaL: Writing – review & editing, Software, 

Supervision, Funding acquisition, Methodology, Formal analysis, 

Writing – original draft, Visualization, Data curation.

Funding

The author(s) declare that financial support was received for 

the research and/or publication of this article. This study was 

supported by the National Natural Science Foundation of China 

(No. 82200390) and the Medical Health Science and Technology 

Project of Zhejiang Provincial (No. 2022KY1292 and 

2023KY1242).

Conflict of interest

The authors declare that the research was conducted in the 

absence of any commercial or financial relationships that could 

be construed as a potential con7ict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the 

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 

article has been generated by Frontiers with the support of 

artificial intelligence and reasonable efforts have been made to 

ensure accuracy, including review by the authors wherever 

possible. If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 

authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 

reviewers. Any product that may be evaluated in this article, or 

claim that may be made by its manufacturer, is not guaranteed 

or endorsed by the publisher.

References

1. Peng C, Zhang Y, Lang X, Zhang Y. Role of mitochondrial metabolic disorder 
and immune infiltration in diabetic cardiomyopathy: new insights from 
bioinformatics analysis. J Transl Med. (2023) 21(1):66. doi: 10.1186/s12967-023- 
03928-8

2. Jia G, DeMarco VG, Sowers JR. Insulin resistance and hyperinsulinaemia in 
diabetic cardiomyopathy. Nat Rev Endocrinol. (2016) 12(3):144–53. doi: 10.1038/ 
nrendo.2015.216

3. Adeghate E, Singh J. Structural changes in the myocardium during diabetes- 
induced cardiomyopathy. Heart Fail Rev. (2014) 19(1):15–23. doi: 10.1007/s10741- 
013-9388-5

4. Fang ZY, Prins JB, Marwick TH. Diabetic cardiomyopathy: evidence, 
mechanisms, and therapeutic implications. Endocr Rev. (2004) 25(4):543–67. 
doi: 10.1210/er.2003-0012

5. Kannel WB, Hjortland M, Castelli WP. Role of diabetes in congestive heart 
failure: the framingham study. Am J Cardiol. (1974) 34(1):29–34. doi: 10.1016/ 
0002-9149(74)90089-7

6. Dauriz M, Mantovani A, Bonapace S, Verlato G, Zoppini G, Bonora E, et al. 
Prognostic impact of diabetes on long-term survival outcomes in patients with 
heart failure: a meta-analysis. Diabetes Care. (2017) 40(11):1597–605. doi: 1597- 
1605.10.2337/dc17-0697

7. Zeevi D, Korem T, Godneva A, Bar N, Kurilshikov A, Lotan-Pompan M, et al. 
Structural variation in the gut microbiome associates with host health. Nature. 
(2019) 568(7750):43–8. doi: 10.1038/s41586-019-1065-y

8. El-Baz AM, Shata A, Hassan HM, El-Sokkary MMA, Khodir AE. The therapeutic 
role of lactobacillus and montelukast in combination with metformin in diabetes 
mellitus complications through mo bjdulation of gut microbiota and suppression 

Ji et al.                                                                                                                                                                   10.3389/fcvm.2025.1677684 

Frontiers in Cardiovascular Medicine 09 frontiersin.org

https://doi.org/10.1186/s12967-023-03928-8
https://doi.org/10.1186/s12967-023-03928-8
https://doi.org/10.1038/nrendo.2015.216
https://doi.org/10.1038/nrendo.2015.216
https://doi.org/10.1007/s10741-013-9388-5
https://doi.org/10.1007/s10741-013-9388-5
https://doi.org/10.1210/er.2003-0012
https://doi.org/10.1016/0002-9149(74)90089-7
https://doi.org/10.1016/0002-9149(74)90089-7
https://doi.org/1597-1605.10.2337/dc17-0697
https://doi.org/1597-1605.10.2337/dc17-0697
https://doi.org/10.1038/s41586-019-1065-y


of oxidative stress. Int Immunopharmacol. (2021) 96:107757. doi: 10.1016/j.intimp. 
2021.107757

9. Tang WH, Kitai T, Hazen SL. Gut microbiota in cardiovascular health and 
disease. Circ Res. (2017) 120(7):1183–96. doi: 10.1161/circresaha.117.309715

10. Lorenzo-Almoros A, Cepeda-Rodrigo JM, Lorenzo O. Diabetic 
cardiomyopathy. Rev Clin Esp (Barc). (2022) 222(2):100–11. doi: 10.1016/j.rceng. 
2019.10.012

11. Bugger H, Abel ED. Molecular mechanisms of diabetic cardiomyopathy. 
Diabetologia. (2014) 57(4):660–71. doi: 10.1007/s00125-014-3171-6

12. Goleva TN, Lyamzaev KG, Rogov AG, Khailova LS, Epremyan KK, 
Shumakovich GP, et al. Mitochondria-targeted 1,4-naphthoquinone (SkQN) is a 
powerful prooxidant and cytotoxic agent. Biochim Biophys Acta Bioenerg. (2020) 
1861(8):148210. doi: 10.1016/j.bbabio.2020.148210

13. Morant-Ferrando B, Jimenez-Blasco D, Alonso-Batan P, Agulla J, Lapresa R, 
Garcia-Rodriguez D, et al. Fatty acid oxidation organizes mitochondrial 
supercomplexes to sustain astrocytic ROS and cognition. Nat Metab. (2023) 
5(8):1290–302. doi: 10.1038/s42255-023-00835-6

14. Fillmore N, Mori J, Lopaschuk GD. Mitochondrial fatty acid oxidation 
alterations in heart failure, ischaemic heart disease and diabetic cardiomyopathy. 
Br J Pharmacol. (2014) 171(8):2080–90. doi: 10.1111/bph.12475

15. Peoples JN, Saraf A, Ghazal N, Pham TT, Kwong JQ. Mitochondrial 
dysfunction and oxidative stress in heart disease. Exp Mol Med. (2019) 
51(12):1–13. doi: 10.1038/s12276-019-0355-7

16. Zhang Y, Xu Y, Zhang L, Chen Y, Wu T, Liu R, et al. Licorice extract 
ameliorates hyperglycemia through reshaping gut microbiota structure and 
inhibiting TLR4/NF-κB signaling pathway in type 2 diabetic mice. Food Res Int. 
(2022) 153:110945. doi: 10.1016/j.foodres.2022.110945

17. Tsai CY, Wen SY, Cheng SY, Wang CH, Yang YC, Viswanadha VP, et al. Nrf2 
activation as a protective feedback to limit cell death in high glucose- 
exposed cardiomyocytes. J Cell Biochem. (2017) 118(7):1659–69. doi: 10.1002/jcb. 
25785

18. Pal R, Bhadada SK. AGEs accumulation with vascular complications, glycemic 
control and metabolic syndrome: a narrative review. Bone. (2023) 176:116884. doi: 10. 
1016/j.bone.2023.116884

19. Liu J, Pan S, Wang X, Liu Z, Zhang Y. Role of advanced glycation end products 
in diabetic vascular injury: molecular mechanisms and therapeutic perspectives. Eur 
J Med Res. (2023) 28(1):553. doi: 10.1186/s40001-023-01431-w

20. Fu S-Y, Xiong R-P, Peng Y, Zhang Z-H, Chen X, Zhao Y, et al. PKC mediates 
LPS-induced IL-1β expression and participates in the pro-in7ammatory effect of 
A2AR under high glutamate concentrations in mouse microglia. Neurochem Res. 
(2019) 44(12):2755–64. doi: 10.1007/s11064-019-02895-1

21. Liu C, Ge H-M, Liu B-H, Dong R, Shan K, Chen X, et al. Targeting pericyte– 
endothelial cell crosstalk by circular RNA-cPWWP2A inhibition aggravates diabetes- 
induced microvascular dysfunction. Proc Natl Acad Sci USA. (2019) 116(15):7455–64. 
doi: 10.1073/pnas.1814874116

22. An Y, Xu B-t, Wan S-r, Ma X-m, Long Y, Xu Y, et al. The role of oxidative stress 
in diabetes mellitus-induced vascular endothelial dysfunction. Cardiovasc Diabetol. 
(2023) 22(1):237. doi: 10.1186/s12933-023-01965-7

23. Miki T, Yuda S, Kouzu H, Miura T. Diabetic cardiomyopathy: pathophysiology 
and clinical features. Heart Fail Rev. (2013) 18(2):149–66. doi: 10.1007/s10741-012- 
9313-3

24. Sun J, Zhou R, Liu M, Zhang D. The role of myocardial fibrosis in the diabetic 
cardiomyopathy. Diabetol Metab Syndr. (2025) 17(1):242. doi: 10.1186/s13098-025- 
01783-9

25. Arow M, Waldman M, Yadin D, Nudelman V, Shainberg A, Abraham NG, et al. 
Sodium-glucose cotransporter 2 inhibitor dapagli7ozin attenuates diabetic 
cardiomyopathy. Cardiovasc Diabetol. (2020) 19(1):7. doi: 10.1186/s12933-019- 
0980-4

26. Li Z, Wu Z, Yan J, Liu H, Liu Q, Deng Y, et al. Gut microbe-derived metabolite 
trimethylamine N-oxide induces cardiac hypertrophy and fibrosis. Lab Invest. (2019) 
99(3):346–57. doi: 10.1038/s41374-018-0091-y

27. Kaye DM, Shihata WA, Jama HA, Tsyganov K, Ziemann M, Kiriazis H, et al. 
Deficiency of prebiotic fiber and insufficient signaling through gut metabolite- 
sensing receptors leads to cardiovascular disease. Circulation. (2020) 
141(17):1393–403. doi: 10.1161/circulationaha.119.043081

28. Weissman D, Maack C. Bile acids for diabetic cardiomyopathy. Nat Metab. 
(2024) 6(6):993–5. doi: 10.1038/s42255-024-01032-9

29. Huang YL, Xiang Q, Zou JJ, Wu Y, Yu R. Zuogui jiangtang shuxin formula 
ameliorates diabetic cardiomyopathy mice via modulating gut-heart axis. Front 
Endocrinol (Lausanne). (2023) 14:1106812. doi: 10.3389/fendo.2023.1106812

30. Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease. Nat 
Rev Microbiol. (2021) 19(1):55–71. doi: 10.1038/s41579-020-0433-9

31. Chen W, Liu D, Ren C, Su X, Wong CK, Yang R. A special network comprised 
of macrophages, epithelial cells, and gut microbiota for gut homeostasis. Cells. (2022) 
11(2):307. doi: 10.3390/cells11020307

32. Parizadeh M, Arrieta M-C. The global human gut microbiome: genes, lifestyles, 
and diet. Trends Mol Med. (2023) 29(10):789–801. doi: 10.1016/j.molmed.2023.07.002

33. Witkowski M, Weeks TL, Hazen SL. Gut microbiota and cardiovascular disease. 
Circ Res. (2020) 127(4):553–70. doi: 10.1161/circresaha.120.316242

34. Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M, 
Nageshwar Reddy D. Role of the normal gut microbiota. World J Gastroenterol. 
(2015) 21(29):8787–803. doi: 10.3748/wjg.v21.i29.8787

35. Shen Y, Fan N, Ma SX, Cheng X, Yang X, Wang G. Gut microbiota dysbiosis: 
pathogenesis, diseases, prevention, and therapy. MedComm. (2025) 6(5):e70168. 
doi: 10.1002/mco2.70168

36. Huang J, Lin Y, Ding X, Lin S, Li X, Yan W, et al. Alteration of the gut 
microbiome in patients with heart failure: a systematic review and meta-analysis. 
Microb Pathog. (2024) 192:106647. doi: 10.1016/j.micpath.2024.106647

37. Gurung M, Li Z, You H, Rodrigues R, Jump DB, Morgun A, et al. Role of gut 
microbiota in type 2 diabetes pathophysiology. EBioMedicine. (2020) 51:102590. 
doi: 10.1016/j.ebiom.2019.11.051

38. Do MH, Lee E, Oh MJ, Kim Y, Park HY. High-glucose or -fructose diet cause 
changes of the gut microbiota and metabolic disorders in mice without body weight 
change. Nutrients. (2018) 10(6):761. doi: 10.3390/nu10060761

39. Hunthai S, Usawachintachit M, Taweevisit M, Srisa-Art M, Anegkamol W, 
Tosukhowong P, et al. Unraveling the role of gut microbiota by fecal microbiota 
transplantation in rat model of kidney stone disease. Sci Rep. (2024) 14(1):21924. 
doi: 10.1038/s41598-024-72694-4

40. Zhang Z, Cai B, Sun Y, Deng H, Wang H, Qiao Z. Alteration of the gut 
microbiota and metabolite phenylacetylglutamine in patients with severe chronic 
heart failure. Front Cardiovasc Med. (2022) 9:1076806. doi: 10.3389/fcvm.2022. 
1076806

41. Mirhosseini SM, Rezaei M, Soltanipur M, Yarmohammadi H, Soroush E, 
Taromiha A, et al. Gut microbiome composition and one-year survival outcomes 
among patients with reduced ejection fraction heart failure. Cardiology. 
(2025):1–20. doi: 10.1159/000545877

42. Gutiérrez-Calabrés E, Ortega-Hernández A, Modrego J, Gómez-Gordo R, Caro- 
Vadillo A, Rodríguez-Bobada C, et al. Gut microbiota profile identifies transition 
from compensated cardiac hypertrophy to heart failure in hypertensive rats. 
Hypertension. (2020) 76(5):1545–54. doi: 10.1161/hypertensionaha.120.15123

43. Fassatoui M, Lopez-Siles M, Díaz-Rizzolo DA, Jmel H, Naouali C, Abdessalem 
G, et al. Gut microbiota imbalances in Tunisian participants with type 1 and type 2 
diabetes mellitus. Biosci Rep. (2019) 39(6):BSR20182348. doi: 10.1042/bsr20182348

44. Umirah F, Neoh CF, Ramasamy K, Lim SM. Differential gut microbiota 
composition between type 2 diabetes mellitus patients and healthy controls: a 
systematic review. Diabetes Res Clin Pract. (2021) 173:108689. doi: 10.1016/j. 
diabres.2021.108689

45. Tsai H-J, Tsai W-C, Hung W-C, Hung W-W, Chang C-C, Dai C-Y, et al. Gut 
microbiota and subclinical cardiovascular disease in patients with type 2 diabetes 
mellitus. Nutrients. (2021) 13(8):2679. doi: 10.3390/nu13082679

46. Kummen M, Mayerhofer CCK, Vestad B, Broch K, Awoyemi A, Storm-Larsen 
C, et al. Gut microbiota signature in heart failure defined from profiling of 2 
independent cohorts. J Am Coll Cardiol. (2018) 71(10):1184–6. doi: 10.1016/j.jacc. 
2017.12.057

47. Zhu J, Bao Z, Hu Z, Wu S, Tian C, Zhou Y, et al. Myricetin alleviates diabetic 
cardiomyopathy by regulating gut microbiota and their metabolites. Nutr Diabetes. 
(2024) 14(1):10. doi: 10.1038/s41387-024-00268-4

48. Barber TM, Kabisch S, Pfeiffer AFH, Weickert MO. The effects of the 
mediterranean diet on health and gut microbiota. Nutrients. (2023) 15(9):2150. 
doi: 10.3390/nu15092150

49. Yao Y, Yan L, Chen H, Wu N, Wang W, Wang D. Cyclocarya paliurus 
polysaccharides alleviate type 2 diabetic symptoms by modulating gut microbiota 
and short-chain fatty acids. Phytomedicine. (2020) 77:153268. doi: 10.1016/j. 
phymed.2020.153268

50. Kallassy J, Gagnon E, Rosenberg D, Silbart LK, McManus SA. Strains of 
faecalibacterium prausnitzii and its extracts reduce blood glucose levels, percent 
HbA1c, and improve glucose tolerance without causing hypoglycemic side effects 
in diabetic and prediabetic mice. BMJ Open Diabetes Res Care. (2023) 11(3): 
e003101. doi: 10.1136/bmjdrc-2022-003101

51. Deng X, Zhang C, Wang P, Wei W, Shi X, Wang P, et al. Cardiovascular 
benefits of empagli7ozin are associated with gut microbiota and plasma 
metabolites in type 2 diabetes. J Clin Endocrinol Metab. (2022) 107(7):1888–96. 
doi: 10.1210/clinem/dgac210

52. Lv Q, Li Z, Sui A, Yang X, Han Y, Yao R. The role and mechanisms of gut 
microbiota in diabetic nephropathy, diabetic retinopathy and cardiovascular 
diseases. Front Microbiol. (2022) 13:977187. doi: 10.3389/fmicb.2022.977187

53. Zhao Z, Hu Z, Li L. Cardiac energy metabolic disorder and gut microbiota 
imbalance: a study on the therapeutic potential of Shenfu injection in rats with 
heart failure. Front Microbiol. (2025) 16:1509548. doi: 10.3389/fmicb.2025.1509548

54. Fang C, Xu X, Lu F, Liu S. Study on the collaborative protective mechanism of 
Scutellariae Radix and Paeoniae Radix Alba against diabetic cardiomyopathy through 

Ji et al.                                                                                                                                                                   10.3389/fcvm.2025.1677684 

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://doi.org/10.1016/j.intimp.2021.107757
https://doi.org/10.1016/j.intimp.2021.107757
https://doi.org/10.1161/circresaha.117.309715
https://doi.org/10.1016/j.rceng.2019.10.012
https://doi.org/10.1016/j.rceng.2019.10.012
https://doi.org/10.1007/s00125-014-3171-6
https://doi.org/10.1016/j.bbabio.2020.148210
https://doi.org/10.1038/s42255-023-00835-6
https://doi.org/10.1111/bph.12475
https://doi.org/10.1038/s12276-019-0355-7
https://doi.org/10.1016/j.foodres.2022.110945
https://doi.org/10.1002/jcb.25785
https://doi.org/10.1002/jcb.25785
https://doi.org/10.1016/j.bone.2023.116884
https://doi.org/10.1016/j.bone.2023.116884
https://doi.org/10.1186/s40001-023-01431-w
https://doi.org/10.1007/s11064-019-02895-1
https://doi.org/10.1073/pnas.1814874116
https://doi.org/10.1186/s12933-023-01965-7
https://doi.org/10.1007/s10741-012-9313-3
https://doi.org/10.1007/s10741-012-9313-3
https://doi.org/10.1186/s13098-025-01783-9
https://doi.org/10.1186/s13098-025-01783-9
https://doi.org/10.1186/s12933-019-0980-4
https://doi.org/10.1186/s12933-019-0980-4
https://doi.org/10.1038/s41374-018-0091-y
https://doi.org/10.1161/circulationaha.119.043081
https://doi.org/10.1038/s42255-024-01032-9
https://doi.org/10.3389/fendo.2023.1106812
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.3390/cells11020307
https://doi.org/10.1016/j.molmed.2023.07.002
https://doi.org/10.1161/circresaha.120.316242
https://doi.org/10.3748/wjg.v21.i29.8787
https://doi.org/10.1002/mco2.70168
https://doi.org/10.1016/j.micpath.2024.106647
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.3390/nu10060761
https://doi.org/10.1038/s41598-024-72694-4
https://doi.org/10.3389/fcvm.2022.1076806
https://doi.org/10.3389/fcvm.2022.1076806
https://doi.org/10.1159/000545877
https://doi.org/10.1161/hypertensionaha.120.15123
https://doi.org/10.1042/bsr20182348
https://doi.org/10.1016/j.diabres.2021.108689
https://doi.org/10.1016/j.diabres.2021.108689
https://doi.org/10.3390/nu13082679
https://doi.org/10.1016/j.jacc.2017.12.057
https://doi.org/10.1016/j.jacc.2017.12.057
https://doi.org/10.1038/s41387-024-00268-4
https://doi.org/10.3390/nu15092150
https://doi.org/10.1016/j.phymed.2020.153268
https://doi.org/10.1016/j.phymed.2020.153268
https://doi.org/10.1136/bmjdrc-2022-003101
https://doi.org/10.1210/clinem/dgac210
https://doi.org/10.3389/fmicb.2022.977187
https://doi.org/10.3389/fmicb.2025.1509548


the gut-heart axis. Front Microbiol. (2025) 16:1500935. doi: 10.3389/fmicb.2025. 
1500935

55. Mantovani A, Dalbeni A, Peserico D, Cattazzo F, Bevilacqua M, Salvagno GL, 
et al. Plasma bile acid profile in patients with and without type 2 diabetes. 
Metabolites. (2021) 11(7):453. doi: 10.3390/metabo11070453

56. Shi Y, Su W, Zhang L, Shi C, Zhou J, Wang P, et al. TGR5 regulates macrophage 
in7ammation in nonalcoholic steatohepatitis by modulating NLRP3 in7ammasome 
activation. Front Immunol. (2020) 11:609060. doi: 10.3389/fimmu.2020.609060

57. Jin W, Zheng M, Chen Y, Xiong H. Update on the development of TGR5 
agonists for human diseases. Eur J Med Chem. (2024) 271:116462. doi: 10.1016/j. 
ejmech.2024.116462

58. Collins SL, Stine JG, Bisanz JE, Okafor CD, Patterson AD. Bile acids and the gut 
microbiota: metabolic interactions and impacts on disease. Nat Rev Microbiol. (2023) 
21(4):236–47. doi: 10.1038/s41579-022-00805-x

59. Peng Y-L, Wang S-H, Zhang Y-L, Chen M-Y, He K, Li Q, et al. Effects of bile 
acids on the growth, composition and metabolism of gut bacteria. NPJ Biofilms 
Microbiomes. (2024) 10(1):112. doi: 10.1038/s41522-024-00566-w

60. Wang H, Wang J, Cui H, Fan C, Xue Y, Liu H, et al. Inhibition of fatty acid 
uptake by TGR5 prevents diabetic cardiomyopathy. Nat Metab. (2024) 
6(6):1161–77. doi: 10.1038/s42255-024-01036-5

61. Mann ER, Lam YK, Uhlig HH. Short-chain fatty acids: linking diet, the 
microbiome and immunity. Nat Rev Immunol. (2024) 24(8):577–95. doi: 10.1038/ 
s41577-024-01014-8

62. Singh R, Chandrashekharappa S, Bodduluri SR, Baby BV, Hegde B, Kotla NG, 
et al. Enhancement of the gut barrier integrity by a microbial metabolite through the 
Nrf2 pathway. Nat Commun. (2019) 10(1):89. doi: 10.1038/s41467-018-07859-7

63. Deng B, Liu Y, Chen Y, He P, Ma J, Tan Z, et al. Exploring the butyrate 
metabolism-related shared genes in metabolic associated steatohepatitis and 
ulcerative colitis. Sci Rep. (2024) 14(1):15949. doi: 10.1038/s41598-024-66574-0

64. Bartolomaeus H, Balogh A, Yakoub M, Homann S, Markó L, Höges S, et al. 
Short-chain fatty acid propionate protects from hypertensive cardiovascular 
damage. Circulation. (2019) 139(11):1407–21. doi: 10.1161/CIRCULATIONAHA. 
118.036652

65. Yan J, Pan Y, Shao W, Wang C, Wang R, He Y, et al. Beneficial effect of the 
short-chain fatty acid propionate on vascular calcification through intestinal 
microbiota remodelling. Microbiome. (2022) 10(1):195. doi: 10.1186/s40168-022- 
01390-0

66. Marques FZ, Nelson E, Chu P-Y, Horlock D, Fiedler A, Ziemann M, et al. High- 
fiber diet and acetate supplementation change the gut microbiota and prevent the 
development of hypertension and heart failure in hypertensive mice. Circulation. 
(2017) 135(10):964–77. doi: 10.1161/CIRCULATIONAHA.116.024545

67. Amiri P, Hosseini SA, Ghaffari S, Tutunchi H, Ghaffari S, Mosharkesh E, et al. 
Role of butyrate, a gut microbiota derived metabolite, in cardiovascular diseases: a 
comprehensive narrative review. Front Pharmacol. (2021) 12:837509. doi: 10.3389/ 
fphar.2021.837509

68. Lee D-H, Kim M-T, Han J-H. GPR41 and GPR43: from development to 
metabolic regulation. Biomed Pharmacother. (2024) 175:116735. doi: 10.1016/j. 
biopha.2024.116735

69. Khalaf EM, Hassan HM, El-Baz AM, Shata A, Khodir AE, Yousef ME, et al. A 
novel therapeutic combination of dapagli7ozin, lactobacillus and crocin attenuates 
diabetic cardiomyopathy in rats: role of oxidative stress, gut microbiota, and 
PPARγ activation. Eur J Pharmacol. (2022) 931:175172. doi: 10.1016/j.ejphar.2022. 
175172

70. Funayama E, Hosonuma M, Tajima K, Isobe J, Baba Y, Murayama M, et al. Oral 
administration of bifidobacterium longum and bifidobacterium infantis ameliorates 
cefcapene pivoxil-induced attenuation of anti-programmed cell death protein-1 
antibody action in mice. Biomed Pharmacother. (2025) 182:117749. doi: 10.1016/j. 
biopha.2024.117749

71. Kanai Y, Segawa H, Miyamoto K, Uchino H, Takeda E, Endou H. Expression 
cloning and characterization of a transporter for large neutral amino acids 
activated by the heavy chain of 4F2 antigen (CD98). J Biol Chem. (1998) 
273(37):23629–32. doi: 10.1074/jbc.273.37.23629

72. del Amo EM, Urtti A, Yliperttula M. Pharmacokinetic role of L-type amino acid 
transporters LAT1 and LAT2. Eur J Pharm Sci. (2008) 35(3):161–74. doi: 10.1016/j. 
ejps.2008.06.015

73. Asoudeh F, Salari-Moghaddam A, Keshteli AH, Esmaillzadeh A, Adibi P. 
Dietary intake of branched-chain amino acids in relation to general and 
abdominal obesity. Eat Weight Disord. (2022) 27(4):1303–11. doi: 10.1007/ 
s40519-021-01266-6

74. Lagiou P, Sandin S, Weiderpass E, Lagiou A, Mucci L, Trichopoulos D, et al. 
Low carbohydrate-high protein diet and mortality in a cohort of Swedish women. 
J Intern Med. (2007) 261(4):366–74. doi: 10.1111/j.1365-2796.2007.01774.x

75. Sluijs I, Beulens JW, van der AD, Spijkerman AM, Grobbee DE, van der 
Schouw YT. Dietary intake of total, animal, and vegetable protein and risk of type 
2 diabetes in the European prospective investigation into cancer and nutrition 
(EPIC)-NL study. Diabetes Care. (2010) 33(1):43–8. doi: 10.2337/dc09-1321

76. Solon-Biet SM, McMahon AC, Ballard JW, Ruohonen K, Wu LE, Cogger VC, 
et al. The ratio of macronutrients, not caloric intake, dictates cardiometabolic health, 
aging, and longevity in ad libitum-fed mice. Cell Metab. (2014) 19(3):418–30. doi: 10. 
1016/j.cmet.2014.02.009

77. Asakura J, Nagao M, Shinohara M, Hosooka T, Kuwahara N, Nishimori M, 
et al. Impaired cardiac branched-chain amino acid metabolism in a novel model of 
diabetic cardiomyopathy. Cardiovasc Diabetol. (2025) 24(1):167. doi: 10.1186/ 
s12933-025-02725-5

78. Uddin GM, Zhang L, Shah S, Fukushima A, Wagg CS, Gopal K, et al. Impaired 
branched chain amino acid oxidation contributes to cardiac insulin resistance in 
heart failure. Cardiovasc Diabetol. (2019) 18(1):86. doi: 10.1186/s12933-019-0892-3

79. Liang T, Jiang T, Liang Z, Li L, Chen Y, Chen T, et al. Gut microbiota-driven 
BCAA biosynthesis via staphylococcus aureus -expressed acetolactate synthase 
impairs glycemic control in type 2 diabetes in South China. Microbiol Res. (2025) 
296:128145. doi: 10.1016/j.micres.2025.128145

80. Wu Y, Jiang W, Wang J, Xie G, Sun Y, Yang J. Disruption of BCAA degradation 
is a critical characteristic of diabetic cardiomyopathy revealed by integrated 
transcriptome and metabolome analysis. Open Life Sci. (2024) 19(1):20220974. 
doi: 10.1515/biol-2022-0974

81. Jersin R, Jonassen LR, Dankel SN. The neutral amino acid transporter SLC7A10 
in adipose tissue, obesity and insulin resistance. Front Cell Dev Biol. (2022) 10:974338. 
doi: 10.3389/fcell.2022.974338

82. Yang Y, Zhao M, He X, Wu Q, Li DL, Zang WJ. Pyridostigmine protects against 
diabetic cardiomyopathy by regulating vagal activity, gut microbiota, and branched- 
chain amino acid catabolism in diabetic mice. Front Pharmacol. (2021) 12:647481. 
doi: 10.3389/fphar.2021.647481

83. Cummings NE, Williams EM, Kasza I, Konon EN, Schaid MD, Schmidt BA, 
et al. Restoration of metabolic health by decreased consumption of branched-chain 
amino acids. J Physiol. (2018) 596(4):623–45. doi: 10.1113/jp275075

84. Li Z, Zhang R, Mu H, Zhang W, Zeng J, Li H, et al. Oral administration of 
branched-chain amino acids attenuates atherosclerosis by inhibiting the 
in7ammatory response and regulating the gut microbiota in ApoE-deficient mice. 
Nutrients. (2022) 14(23):5065. doi: 10.3390/nu14235065

85. Wang H, Feng L, Pei Z, Zhao J, Lu S, Lu W. Gut microbiota metabolism of 
branched-chain amino acids and their metabolites can improve the physiological 
function of aging mice. Aging Cell. (2025) 24(4):e14434. doi: 10.1111/acel.14434

86. Zhang L, Xu Z, Qin S, Liu R. Dietary branched-chain amino acids restriction in 
high-fat diet-induced obese mice: effects on metabolic homeostasis, adipose 
in7ammation, and gut microbiota. J Nutr. (2025) 155(8):2700–10. doi: 10.1016/j. 
tjnut.2025.05.049

87. Biswas D, Dao KT, Mercer A, Cowie AM, Duf7ey L, El Hiani Y, et al. Branched- 
chain ketoacid overload inhibits insulin action in the muscle. J Biol Chem. (2020) 
295(46):15597–621. doi: 10.1074/jbc.RA120.013121

88. McGarrah RW, White PJ. Branched-chain amino acids in cardiovascular 
disease. Nat Rev Cardiol. (2023) 20(2):77–89. doi: 10.1038/s41569-022-00760-3

89. Gustafsson JK, Johansson MEV. The role of goblet cells and mucus in intestinal 
homeostasis. Nat Rev Gastroenterol Hepatol. (2022) 19(12):785–803. doi: 10.1038/ 
s41575-022-00675-x

90. Almugadam BS, Yang P, Tang L. Analysis of jejunum microbiota of HFD/STZ 
diabetic rats. Biomed Pharmacother. (2021) 138:111094. doi: 10.1016/j.biopha.2020. 
111094

91. Xie X, Geng C, Li X, Liao J, Li Y, Guo Y, et al. Roles of gastrointestinal 
polypeptides in intestinal barrier regulation. Peptides. (2022) 151:170753. doi: 10. 
1016/j.peptides.2022.170753

92. Zhu Q, Lu X, Zhang T, Shi M, Gao R, Zhou Y, et al. Resistant starch confers 
protection of dietary against diabetic cardiomyopathy. J Nutr Biochem. (2024) 
134:109766. doi: 10.1016/j.jnutbio.2024.109766

93. Christovich A, Luo XM. Gut microbiota, leaky gut, and autoimmune diseases. 
Front Immunol. (2022) 13:946248. doi: 10.3389/fimmu.2022.946248

94. Huo J-L, Feng Q, Pan S, Fu W-J, Liu Z, Liu Z. Diabetic cardiomyopathy: early 
diagnostic biomarkers, pathogenetic mechanisms, and therapeutic interventions. Cell 
Death Discov. (2023) 9(1):256. doi: 10.1038/s41420-023-01553-4

95. Luo L, Zuo Y, Dai L. Metabolic rewiring and inter-organ crosstalk in diabetic 
HFpEF. Cardiovasc Diabetol. (2025) 24(1):155. doi: 10.1186/s12933-025-02707-7

96. Chandrasekaran P, Weiskirchen S, Weiskirchen R. Effects of probiotics on gut 
microbiota: an overview. Int J Mol Sci. (2024) 25(11):6022. doi: 10.3390/ijms25116022

97. You S, Ma Y, Yan B, Pei W, Wu Q, Ding C, et al. The promotion mechanism of 
prebiotics for probiotics: a review. Front Nutr. (2022) 9:1000517. doi: 10.3389/fnut. 
2022.1000517

98. Wang Y, Dilidaxi D, Wu Y, Sailike J, Sun X, Nabi XH. Composite probiotics 
alleviate type 2 diabetes by regulating intestinal microbiota and inducing GLP-1 
secretion in db/db mice. Biomed Pharmacother. (2020) 125:109914. doi: 10.1016/j. 
biopha.2020.109914

99. Cao F, Jin L, Gao Y, Ding Y, Wen H, Qian Z, et al. Artificial-enzymes-armed 
bifidobacterium longum probiotics for alleviating intestinal in7ammation and 

Ji et al.                                                                                                                                                                   10.3389/fcvm.2025.1677684 

Frontiers in Cardiovascular Medicine 11 frontiersin.org

https://doi.org/10.3389/fmicb.2025.1500935
https://doi.org/10.3389/fmicb.2025.1500935
https://doi.org/10.3390/metabo11070453
https://doi.org/10.3389/fimmu.2020.609060
https://doi.org/10.1016/j.ejmech.2024.116462
https://doi.org/10.1016/j.ejmech.2024.116462
https://doi.org/10.1038/s41579-022-00805-x
https://doi.org/10.1038/s41522-024-00566-w
https://doi.org/10.1038/s42255-024-01036-5
https://doi.org/10.1038/s41577-024-01014-8
https://doi.org/10.1038/s41577-024-01014-8
https://doi.org/10.1038/s41467-018-07859-7
https://doi.org/10.1038/s41598-024-66574-0
https://doi.org/10.1161/CIRCULATIONAHA.118.036652
https://doi.org/10.1161/CIRCULATIONAHA.118.036652
https://doi.org/10.1186/s40168-022-01390-0
https://doi.org/10.1186/s40168-022-01390-0
https://doi.org/10.1161/CIRCULATIONAHA.116.024545
https://doi.org/10.3389/fphar.2021.837509
https://doi.org/10.3389/fphar.2021.837509
https://doi.org/10.1016/j.biopha.2024.116735
https://doi.org/10.1016/j.biopha.2024.116735
https://doi.org/10.1016/j.ejphar.2022.175172
https://doi.org/10.1016/j.ejphar.2022.175172
https://doi.org/10.1016/j.biopha.2024.117749
https://doi.org/10.1016/j.biopha.2024.117749
https://doi.org/10.1074/jbc.273.37.23629
https://doi.org/10.1016/j.ejps.2008.06.015
https://doi.org/10.1016/j.ejps.2008.06.015
https://doi.org/10.1007/s40519-021-01266-6
https://doi.org/10.1007/s40519-021-01266-6
https://doi.org/10.1111/j.1365-2796.2007.01774.x
https://doi.org/10.2337/dc09-1321
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1016/j.cmet.2014.02.009
https://doi.org/10.1186/s12933-025-02725-5
https://doi.org/10.1186/s12933-025-02725-5
https://doi.org/10.1186/s12933-019-0892-3
https://doi.org/10.1016/j.micres.2025.128145
https://doi.org/10.1515/biol-2022-0974
https://doi.org/10.3389/fcell.2022.974338
https://doi.org/10.3389/fphar.2021.647481
https://doi.org/10.1113/jp275075
https://doi.org/10.3390/nu14235065
https://doi.org/10.1111/acel.14434
https://doi.org/10.1016/j.tjnut.2025.05.049
https://doi.org/10.1016/j.tjnut.2025.05.049
https://doi.org/10.1074/jbc.RA120.013121
https://doi.org/10.1038/s41569-022-00760-3
https://doi.org/10.1038/s41575-022-00675-x
https://doi.org/10.1038/s41575-022-00675-x
https://doi.org/10.1016/j.biopha.2020.111094
https://doi.org/10.1016/j.biopha.2020.111094
https://doi.org/10.1016/j.peptides.2022.170753
https://doi.org/10.1016/j.peptides.2022.170753
https://doi.org/10.1016/j.jnutbio.2024.109766
https://doi.org/10.3389/fimmu.2022.946248
https://doi.org/10.1038/s41420-023-01553-4
https://doi.org/10.1186/s12933-025-02707-7
https://doi.org/10.3390/ijms25116022
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.1016/j.biopha.2020.109914
https://doi.org/10.1016/j.biopha.2020.109914


microbiota dysbiosis. Nat Nanotechnol. (2023) 18(6):617–27. doi: 10.1038/s41565- 
023-01346-x

100. Zhao X, Zhong X, Liu X, Wang X, Gao X. Therapeutic and improving function 
of lactobacilli in the prevention and treatment of cardiovascular-related diseases: a 
novel perspective from gut microbiota. Front Nutr. (2021) 8:693412. doi: 10.3389/ 
fnut.2021.693412

101. Makki K, Deehan EC, Walter J, Bäckhed F. The impact of dietary fiber on gut 
microbiota in host health and disease. Cell Host Microbe. (2018) 23(6):705–15. 
doi: 10.1016/j.chom.2018.05.012

102. Vinelli V, Biscotti P, Martini D, Del Bo C, Marino M, Meroño T, et al. Effects 
of dietary fibers on short-chain fatty acids and gut microbiota composition in healthy 
adults: a systematic review. Nutrients. (2022) 14(13):2559. doi: 10.3390/nu14132559

103. Bolte LA, Vich Vila A, Imhann F, Collij V, Gacesa R, Peters V, et al. Long-term 
dietary patterns are associated with pro-in7ammatory and anti-in7ammatory features 
of the gut microbiome. Gut. (2021) 70(7):1287–98. doi: 10.1136/gutjnl-2020-322670

104. Sharif S, Greer A, Skorupski C, Hao Q, Johnstone J, Dionne JC, et al. 
Probiotics in critical illness: a systematic review and meta-analysis of randomized 
controlled trials. Crit Care Med. (2022) 50(8):1175–86. doi: 10.1097/ccm. 
0000000000005580

105. Yang L, Bajinka O, Jarju PO, Tan Y, Taal AM, Ozdemir G. The varying effects 
of antibiotics on gut microbiota. AMB Express. (2021) 11(1):116. doi: 10.1186/s13568- 
021-01274-w

106. Mansour SR, Moustafa MAA, Saad BM, Hamed R, Moustafa ARA. Impact of 
diet on human gut microbiome and disease risk. New Microbes New Infect. (2021) 
41:100845. doi: 10.1016/j.nmni.2021.100845

107. Zeng C, Wan SR, Guo M, Tan XZ, Zeng Y, Wu Q, et al. Fecal virome 
transplantation: a promising strategy for the treatment of metabolic diseases. 
Biomed Pharmacother. (2024) 177:117065. doi: 10.1016/j.biopha.2024.117065

108. Tiwari A, Ika Krisnawati D, Susilowati E, Mutalik C, Kuo TR. Next-generation 
probiotics and chronic diseases: a review of current research and future directions. 
J Agric Food Chem. (2024) 72(50):27679–700. doi: 10.1021/acs.jafc.4c08702

109. Petrick HL, Ogilvie LM, Brunetta HS, Robinson A, Kirsh AJ, Barbeau PA, et al. 
Dietary nitrate and corresponding gut microbiota prevent cardiac dysfunction in 
obese mice. Diabetes. (2023) 72(7):844–56. doi: 10.2337/db22-0575

110. Wu H, Zhang P, Zhou J, Hu S, Hao J, Zhong Z, et al. Paeoni7orin confers 
ferroptosis resistance by regulating the gut microbiota and its metabolites in 
diabetic cardiomyopathy. Am J Physiol Cell Physiol. (2024) 326(3):C724–c741. 
doi: 10.1152/ajpcell.00565.2023

111. Zheng H, Zhang X, Li C, Wang D, Shen Y, Lu J, et al. BCAA mediated 
microbiota-liver-heart crosstalk regulates diabetic cardiomyopathy via FGF21. 
Microbiome. (2024) 12(1):157. doi: 10.1186/s40168-024-01872-3

112. Hu D, Zhao J, Zhang H, Wang G, Gu Z. Fecal microbiota transplantation for 
weight and glycemic control of obesity as well as the associated metabolic diseases: 
meta-analysis and comprehensive assessment. Life (Basel). (2023) 13(7):1488. 
doi: 10.3390/life13071488

113. Abdullah AR, Seliem MA, Khidr EG, Sobhy AM, El-Shiekh RA, Hafeez MSAE, 
et al. A comprehensive review on diabetic cardiomyopathy (DCM): histological 
spectrum, diagnosis, pathogenesis, and management with conventional treatments 
and natural compounds. N-S Arch Pharmacol. (2025) 398(8):9929–69. doi: 10.1007/ 
s00210-025-03980-9

114. Yadegar A, Bar-Yoseph H, Monaghan TM, Pakpour S, Severino A, Kuijper EJ, 
et al. Fecal microbiota transplantation: current challenges and future landscapes. Clin 
Microbiol Rev. (2024) 37(2):e0006022. doi: 10.1128/cmr.00060-22

115. Lupu VV, Adam Raileanu A, Mihai CM, Morariu ID, Lupu A, Starcea IM, 
et al. The implication of the gut microbiome in heart failure. Cells. (2023) 
12(8):1158. doi: 10.3390/cells12081158

116. Shen S, Tian B, Zhang H, Wang YC, Li T, Cao Y. Heart failure and gut 
microbiota: what is cause and effect? Research (Wash D C). (2025) 8:0610. doi: 10. 
34133/research.0610

117. Chambers ES, Preston T, Frost G, Morrison DJ. Role of gut microbiota- 
generated short-chain fatty acids in metabolic and cardiovascular health. Curr Nutr 
Rep. (2018) 7(4):198–206. doi: 10.1007/s13668-018-0248-8

118. Weitkunat K, Stuhlmann C, Postel A, Rumberger S, Fankhänel M, Woting A, 
et al. Short-chain fatty acids and inulin, but not guar gum, prevent diet-induced 
obesity and insulin resistance through differential mechanisms in mice. Sci Rep. 
(2017) 7(1):6109. doi: 10.1038/s41598-017-06447-x

119. Liao J, Xiong Q, Yin Y, Ling Z, Chen S. The effects of fish oil on cardiovascular 
diseases: systematical evaluation and recent advance. Front Cardiovasc Med. (2021) 
8:802306. doi: 10.3389/fcvm.2021.802306

120. Babu PV, Liu D. Green tea catechins and cardiovascular health: an update. 
Curr Med Chem. (2008) 15(18):1840–50. doi: 10.2174/092986708785132979

121. Barber TM, Kabisch S, Randeva HS, Pfeiffer AFH, Weickert MO. Implications 
of resveratrol in obesity and insulin resistance: a state-of-the-art review. Nutrients. 
(2022) 14(14):2870. doi: 10.3390/nu14142870

122. Alahmari LA. Dietary fiber in7uence on overall health, with an emphasis on 
CVD, diabetes, obesity, colon cancer, and in7ammation. Front Nutr. (2024) 
11:1510564. doi: 10.3389/fnut.2024.1510564

123. Reynolds AN, Akerman AP, Mann J. Dietary fibre and whole grains in diabetes 
management: systematic review and meta-analyses. PLoS Med. (2020) 17(3): 
e1003053. doi: 10.1371/journal.pmed.1003053

124. Soliman GA. Dietary fiber, atherosclerosis, and cardiovascular disease. 
Nutrients. (2019) 11(5)):1155. doi: 10.3390/nu11051155

Ji et al.                                                                                                                                                                   10.3389/fcvm.2025.1677684 

Frontiers in Cardiovascular Medicine 12 frontiersin.org

https://doi.org/10.1038/s41565-023-01346-x
https://doi.org/10.1038/s41565-023-01346-x
https://doi.org/10.3389/fnut.2021.693412
https://doi.org/10.3389/fnut.2021.693412
https://doi.org/10.1016/j.chom.2018.05.012
https://doi.org/10.3390/nu14132559
https://doi.org/10.1136/gutjnl-2020-322670
https://doi.org/10.1097/ccm.0000000000005580
https://doi.org/10.1097/ccm.0000000000005580
https://doi.org/10.1186/s13568-021-01274-w
https://doi.org/10.1186/s13568-021-01274-w
https://doi.org/10.1016/j.nmni.2021.100845
https://doi.org/10.1016/j.biopha.2024.117065
https://doi.org/10.1021/acs.jafc.4c08702
https://doi.org/10.2337/db22-0575
https://doi.org/10.1152/ajpcell.00565.2023
https://doi.org/10.1186/s40168-024-01872-3
https://doi.org/10.3390/life13071488
https://doi.org/10.1007/s00210-025-03980-9
https://doi.org/10.1007/s00210-025-03980-9
https://doi.org/10.1128/cmr.00060-22
https://doi.org/10.3390/cells12081158
https://doi.org/10.34133/research.0610
https://doi.org/10.34133/research.0610
https://doi.org/10.1007/s13668-018-0248-8
https://doi.org/10.1038/s41598-017-06447-x
https://doi.org/10.3389/fcvm.2021.802306
https://doi.org/10.2174/092986708785132979
https://doi.org/10.3390/nu14142870
https://doi.org/10.3389/fnut.2024.1510564
https://doi.org/10.1371/journal.pmed.1003053
https://doi.org/10.3390/nu11051155

	Role of gut microbiota and its metabolites in diabetic cardiomyopathy: from pathogenesis to interventions
	Introduction
	Pathologic mechanisms of DCM
	The role of gut bacterial and its metabolites in the development of DCM
	Composition of gut microbiota
	Dysbiosis of gut microbiota and DCM
	The role of gut microbial metabolites in the development of DCM
	Bile acids
	Short-chain fatty acids
	Branched-chain amino acid metabolism

	Intestinal barrier function and DCM

	Adjunctive therapies based on gut microbiota
	Probiotics and prebiotics
	Fecal microbiota transplantation (FMT)
	Treatment with gut-derived metabolites

	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


