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Abstract: The human gut possesses a highly complex and metabolically functional microbial community. This microbial ecosystem, 
often termed a “super-organism”, plays a critical function in regulating the host’s metabolic processes, including gut motility, energy 
absorption, appetite, glucose and lipid metabolism, as well as hepatic fat storage. These metabolic functions of the gut microbiota 
(GM) play a central role in maintaining host homeostasis and overall metabolic health. This review synthesizes findings from recent 
clinical and preclinical studies, focusing on the interactions between gut microbiota, metabolic functions, and dietary interventions, to 
provide an evidence-based overview of current knowledge and future perspectives. Evidence was compiled through a narrative review 
of studies indexed in PubMed, Scopus, Web of Science, and Google Scholar using prespecified keywords related to gut microbiota, 
metabolic syndrome, diet, and dysbiosis.Recent advancements in nutritional science and microbiology have highlighted the substantial 
relation between the GM and multiple pathological conditions, including metabolic syndrome (MetS). A plethora of studies predict 
that disruptions in the GM, known as dysbiosis, may influence the progression of diabetes, obesity, and cardiovascular diseases 
(CVDs). Notably, elucidating the contributions of the GM in the pathogenesis of MetS could offer promising avenues for therapeutic 
interventions. Herein, we review the physiological and metabolic functions of the GM and its connection to MetS pathogenesis, while 
also highlighting the potential molecular mechanisms underlying these observed associations. Furthermore, we discuss the influence of 
different dietary approaches on MetS and the impact of nutritional therapeutic strategies to support the development of beneficial gut 
bacteria and alleviate dysbiosis. By integrating insights from both clinical and preclinical research, this study provides 
a comprehensive overview of how GM modulation can support metabolic health. The possibility of tailoring nutritional interventions 
based on individual microbiota profiles represents a promising frontier for personalized and effective approaches to improve metabolic 
health. 
Keywords: gut microbiota, metabolic syndrome, obesity, diabetes, cardiovascular diseases, dietary patterns

Introduction
Metabolic syndrome (MetS) is listed as a prime contributor to the ongoing global cardiovascular health crisis, increasing 
the risk of premature mortality, significantly.1,2 MetS includes a group of interconnected cardio-metabolic disorders, 
including diabetes, obesity, dyslipidemia, hypertension, insulin resistance and chronic inflammation.3,4 A diagnosis of 
MetS is confirmed when at least three of these conditions are met, highlighting the urgent need for early identification 
and intervention. The onset of MetS is primarily influenced by an interplay of genetic predisposition and environmental 
factors, including a lack of physical activity and poor-dietary lifestyle, which contribute to excessive adiposity and, 
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subsequently, to other metabolic disturbances.5,6 The global prevalence of MetS varies widely, ranging from less than 
10% to as high as 84%, based on the geographic location, population characteristics, and the specific diagnostic criteria 
used.7,8 Despite this variability, the growing economic and societal burden of MetS underscores the importance of 
scientific research aimed to unravel the complex mechanisms underlying its pathogenesis.

Recent evidence suggests that the gut microbiota (GM) plays a significant role as a pathogenic factor influencing the 
human’s metabolic balance and contributing to metabolic disorders.9 Physiologically, GM exerts an important role in 
shaping the host’s immune system, regulating gut endocrine activity, facilitating digestion, modulating neurological 
signaling, altering drug metabolism and efficacy, detoxifying harmful substances, and synthesizing various bioactive 
compounds that affect host physiology.10,11 The alteration in the GM has been reported to be regulated by numerous 
factors, including an impaired gut barrier, the use of antibiotics, alteration in metabolism of bile acids, and the pleiotropic 
physiological functions of metabolites generated by microbes, all contributing to the risk of MetS.12 Notably, dietary 
factors are widely recognized as key contributors to metabolic dysfunction and are also considered the primary 
determinants of the GM composition. The gut microbiome exhibits remarkable sensitivity to both the quantity and 
composition of food, functioning as an effective dietary sensor for the host.13 The concept of a gut-centered mechanism 
in MetS was first proposed in 2007, based on a series of pre-clinical and clinical studies. These studies documented that 
chronic high-fat diet (HFD) consumption induces defects in the intestinal barrier, which allow the migration of intestinal 
contents—such as food antigens, bacteria and bacterial by-products—into the systemic circulation, with bacterial 
lipopolysaccharide (LPS) being a key component.12,14 The subsequent low-grade inflammation, which persists over 
time, has been termed “metabolic endotoxemia” due to its detrimental effects on normal glucose metabolism.14 This was 
the first evidence linking bacterial LPS to Toll-like receptors (TLRs) activation, triggering an immune response (innate) 
that compromises insulin sensitivity. Consequently, understanding factors that influence gut permeability has become 
a central focus in microbiome research. In addition, established areas of research in metabolic abnormalities including the 
role of microbial metabolites as bioactive molecules and presence of chronic inflammation have been shown to influence, 
and be influenced by, the gut microbiome. Insights from these research domains may contribute to the identification of 
new phenotypic characteristics of MetS, particularly those involving gut-related defects.

This review highlights the recent pre-clinical and clinical advancements in understanding the pathophysiological 
mechanisms of GM in metabolic disorders, including diabetes, obesity and CVDs. It also discusses the influence of 
different dietary approaches on the composition of the GM and the risk of MetS. Finally, the potential applications of GM 
modulation, through the use of dietary (probiotics, prebiotics), as well as therapeutic approaches in management of MetS 
are also discussed.

Gut Microbiota: Physiological and Pathological Importance
The concept of “microbiota” originated in the early 1900s, when it was discovered that a diverse array of microorganisms, 
including viruses, yeast and bacteria, inhabits different regions of the human body, such as the skin, gut, oral cavity and 
lungs.15 Importantly, GM is regarded as the most crucial microbial community for maintaining overall health.16 It exerts 
local metabolic effects in the gastrointestinal tract, influencing processes such as digestion, energy extraction, nutrient 
absorption, and the elimination of waste products from ingested food. Additionally, the microbiota modulates various 
functions, including gut motility and permeability, and the production of gastrointestinal hormones. However, the impact of 
the GM extends beyond the intestine; the microbes produce a range of small compounds that can influence the physiology 
of the host both within the gut and beyond, in other organs.17,18 The human GM is primarily composed of six phyla: 
Bacteroidetes, Proteobacteria, Actinobacteria, Firmicutes, Verrucomicrobia and Fusobacteria, with Bacteroidetes and 
Firmicutes being the predominant groups.19 The most extensively studied fungi within the GM include Saccharomyces, 
Cladosporium, Candida, and Malassezia.20 In addition to fungi and bacteria, the GM also harbors archaea, viruses and 
phages, with Methanobrevibacter smithii being the most commonly identified archaeon.

Physiological Role of Gut Microbiota
The equilibrium of the GM is crucial for maintaining human health and influencing the development of disease. The 
gastrointestinal tract, in particular, harbors a dense microbial community, with approximately 100 trillion 
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microorganisms.21 A plethora of studies have investigated the significant interactions between GM and essential 
biological processes in humans. Under healthy conditions, the GM remains stable, resilient, and sustains a mutually 
beneficial relationship with the host. A healthy GM typically exhibits rich microbial gene content, high taxonomic 
diversity, and a stable core microbial community.22 However, it is important to recognize that the microbial composition 
is distinct for each human and can fluctuate within the same person over time. Gut bacteria perform several key roles, 
including food fermentation, pathogen protection, and immune response modulation.23 Interestingly, the fermentation of 
dietary plant fibers by gut microorganisms, results in the generation of short-chain fatty acids (SCFAs) such as 
propionate, acetate, and butyrate. These SCFAs are key metabolites in modulating the normal functioning of colonic 
cells and contribute to the maintenance of appetite, inflammatory processes and, insulin sensitivity. Additionally, the GM 
is implicated in the generation of secondary bile acids, degradation of xenobiotics, protein catabolism, and the synthesis 
of water-soluble vitamins. Beyond these functions, the GM is increasingly recognized for its essential role in the 
initiation and modulation of both adaptive and innate immunity, as well as gut-centric lymphoid tissue.24

In humans, the gut microbial composition is governed by factors such as age and environmental variables, including 
medication use.11 Moreover, there is variation in the microbial populations across different areas of the gastrointestinal 
tract. For instance, the small intestine harbors Proteobacteria, including Enterobacteriaceae, whereas the colon is 
predominantly populated by Bacteroidetes, such as Prevotellaceae, Bacteroidaceae, and Rikenellaceae.25 These differ
ences are primarily attributable to the distinct environmental conditions in each region. The small intestine has a rapid 
transit time and high bile concentration, while the colon features slower transit, a more neutral pH, and a larger microbial 
population, with a higher prevalence of anaerobic bacteria.26 In addition to spatial variation, the composition of the GM 
also changes with age. Microbial diversity typically increases from childhood to adulthood, reaching its peak during early 
adulthood, but tends to decline in older age, particularly after the age of 70.27 Prior to reaching a relatively mature GM 
composition, the microbial diversity of children’s gut is predominantly characterized by species such as Veillonella, 
Bacteroides, Akkermansia muciniphila, Clostridium botulinum and Clostridium coccoides.28 By approximately age 3, the 
GM in children begins to resemble that of adults, containing three primary phyla—Bacteroidetes Actinobacteria and 
Firmicutes.29 As individuals age, changes in diet and immune function may influence the GM composition. Specifically, 
elderly individuals often exhibit a reduction in Bifidobacterium and an elevation in Proteobacteria and Clostridium.30 

The decline in Bifidobacterium, an important anaerobic bacterium, is associated with a compromised immune response 
and heightened inflammatory status, reflecting its role in immune modulation.

Owing to the essential role of the GM in human health, including its active involvement in various physiological and 
pathological processes, research on the GM has expanded beyond microbial compositional analysis and the study of 
microbial associations. Increasing focus is now directed towards understanding the causality of microbial functions, 
particularly with the advent of advanced technologies such as high-throughput sequencing and interaction modeling and 
simulation of microbial components.31 Nonetheless, additional research is required to fully elucidate the roles of the 
human microbiota, which is essential for advancing microbiome-based theranostics and personalized medicine.

Pathophysiological Role of Gut Microbiome
Over the past decade, there has been an increasing interest in understanding the influence of GM in the pathogenesis of 
various metabolic ailments, including diabetes, obesity, cancer and CVDs32,33 (Figure 1). With the advent of bioinfor
matics and advanced sequencing technologies, much of the research on the microbiota has focused on investigating the 
link between alteration in microbiota composition and different disease states. The pathogens associated with these 
diseases, as well as the relevant signaling pathways, are examined in detail in the respective sections.

Gut Microbiota and Diabetes Mellitus
Diabetes mellitus (DM) represents a paramount global health issue in the 21st century, imposing significant economic 
and social burdens.34 The World Health Organization (WHO) estimates that over 10% of the global population is either 
affected by DM or at elevated risk of having it.35 DM is a progressive metabolic disorder identified by dysfunction of the 
β-cells of the pancreas and peripheral tissue insulin resistance, which limit glucose metabolism and cause persistent low- 
grade inflammation.36,37 Type 1 DM (T1DM), Type 2 DM (T2DM), and gestational DM (GDM) are the three prevalent 

Therapeutics and Clinical Risk Management 2025:21                                                                          https://doi.org/10.2147/TCRM.S540144                                                                                                                                                                                                                                                                                                                                                                                                   1703

Rabbani et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



forms of the disease. T1DM is triggered by an autoimmune response that targets and destroys pancreatic β-cells, whereas 
the body’s incapacity to properly generate or utilize insulin is the hallmark of T2DM. GDM is a prevalent pregnancy 
complication associated with an increased risk of metabolic diseases for both the mother and the fetus.38 The onset of 
DM is strongly influenced by both environmental and genetic factors. Environmental factors, including excessive caloric 
intake, exposure to air pollution, nutrient composition and physical stagnancy, are key contributors to the rising 
prevalence of the disease.39 DM is a leading risk factor for blindness (diabetic retinopathy), renal dysfunction and 
cardiovascular complications. The interaction between GM and DM has been extensively studied, and there is a clear 
connection between the onset of the disease and gut microbial dysbiosis.40,41

Gut Dysbiosis and Type 2 Diabetes 
Larsen et al in 2010, documented the first study to establish a strong link between T2DM and GM.42 Using a PCR 
approach and gene amplicon (16S rRNA) sequencing, the study examined the GM of a small cohort of T2DM patients 
and found reduced abundance of taxa from the class Clostridia and phylum Firmicutes, compared to controls. 
Additionally, the Bacteroidetes to Firmicutes ratio was found to correlate positively with altered glucose tolerance, 
indicating that the GM may be a useful biomarker for predicting the onset of DM. In a seminal study, Qin et al43 

conducted the first metagenome-wide association study (MGWAS) in T2DM and revealed that T2DM patients display 
mild GM dysbiosis. This dysbiosis was primarily characterized by a decrease in butyrate-producing bacteria, such as 
Roseburia and Faecalibacterium prausnitzii, alongside an overrepresentation of opportunistic pathogens. The study also 
discovered that the T2DM cohort had an elevation of microbial activities linked to oxidative stress tolerance and sulfate 
reduction.

Following the initial MGWAS study in T2DM, a larger study conducted in Europe further investigated the intestinal 
microbiota in postmenopausal female T2DM patients using shotgun sequencing. In both cohort studies, Lactobacillus 
species and Clostridium clostridioforme were found to be enriched, while Roseburia_272, a key butyrate-producing 
bacterium, was notably depleted. Additionally, Allin et al44 demonstrated that pre-diabetic subjects exhibit an altered 
GM, featured by a decreased prevalence of Clostridium genus and Akkermansia muciniphila (mucin-degrading 

Figure 1 Complex pathogenetic associations between gut microbiota dysbiosis and diabetes, obesity and cardiovascular diseases. Image provided by Servier Medical Art 
(https://smart.servier.com), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part of this isIllustration from NIAID NIH BioArt Source (bioart.niaid. 
nih.gov/bioart/41). 
Notes: ↑ denotes increase, ↓ denotes decrease. 
Abbreviations: HPA, hypothalamic-pituitary-adrenal axis; LPS, lipopolysaccharide; SCFA, short chain fatty acids; BCAA, branched chain amino acids; TMAO, 
Trimethylamine N-oxide; HDL, high density lipoprotein; VLDL, very low density lipoprotein.
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bacterium). The presence of A. muciniphila has been demonstrated to enhance glucose tolerance, reduce insulin 
resistance, and decrease adipose tissue inflammation.45 These results underscore the variability in gut microbiome 
composition and highlight the importance of regular microbiota analysis for guiding management strategies. The 
molecular mechanisms by which the GM contributes to T2DM may involve gut permeability, regulation of glucose 
metabolism and inflammation. T2DM is generally linked with elevated concentrations of pro-inflammatory molecules, 
with LPS being a well-established promoter of mild inflammation. A number of investigations have reported an elevated 
concentration of LPS in peripheral circulation of T2DM patients.46 Through its interaction with Toll-like receptor 4 
(TLR4), LPS can activate macrophages, which in turn can activate the NF-κB signaling cascade. This cascade triggers 
the release of inflammatory cytokines, which ultimately impairs insulin secretion.47

Furthermore, GM plays a role in metabolizing bile acids into secondary bile acids, which can interact with farnesoid 
X receptor (FXR), triggering the production of fibroblast growth factor (FGF19/15), which enhances glucose tolerance 
and insulin sensitivity48. Consequently, GM dysbiosis may disrupt bile acid metabolism, potentially contributing to 
impaired glucose metabolism. Short-chain fatty acids (SCFAs) are another significant class of metabolites produced by 
the GM. Research indicates that SCFAs are essential for controlling glucose metabolism and enhancing insulin sensitivity 
through various signaling pathways. For example, the binding of SCFAs with free fatty acid receptors (FFAR2 or 
FFAR3) present on intestinal L cells, stimulate the secretion of peptide YY (PYY) and glucagon-like peptide-1 (GLP-1), 
both of which suppress glucagon release and stimulate insulin secretion.49 SCFAs also act as important anti-inflammatory 
agents, limiting autoimmune responses by elevating regulatory T cell production.50 Therefore, T2DM may occur as 
a result of a decreased population of microorganisms that produce SCFAs. Additionally, butyrates also preserve the 
intestinal barrier’s integrity, which may be weakened in T2DM because of low-grade inflammation.50

Long-term follow-up clinical studies have revealed a series of changes that occur during the development of T2DM, 
including alterations in the catabolism of branched-chain amino acids (BCAAs) and the composition of the bile acid 
pool.51 A recent study analyzed data on GM, insulin resistance and the pre-meal blood metabolome of 277 Danish 
subjects without DM, to examine how the GM may influence insulin resistance-related metabolic profiles. The blood 
metabolome of subjects with insulin resistance revealed an elevated capacity for BCAAs biosynthesis, which was 
associated with the presence of Bacteroides vulgatus and Prevotella copri in the microbiome of gut. Although these 
bacterial species lacked genes encoding bacterial transporters for BCAAs, they demonstrated an increased potential for 
production of these amino acids.52 Study results indicated that GM dysbiosis may influence the blood metabolome, 
potentially modulating systemic immunity and contributing to the development of insulin resistance.

One fast expanding field of DM research is altered intestinal permeability in T2DM patients, which leads to the 
subsequent transfer of microbes to various body regions.53,54 The gut’s normal microbiota typically helps regulate the 
nervous system’s stress response, whereas dysbiosis can lead to an exaggerated hypothalamic–pituitary–adrenal (HPA) 
axis response to stress.55 This heightened HPA activation results in increased cortisol production, which contributes to 
dysfunction of the gut barrier by promoting the extracellular matrix breakdown of the human gut. Chronic elevation of 
glucocorticoid levels can pose significant health risks, including the development of DM.
Critical Evaluation of Current Evidences. Collectively, studies investigating the gut microbiota in T2DM reveal 
a recurring theme of functional rather than purely compositional alterations. While early reports suggested shifts in the 
Firmicutes-to-Bacteroidetes ratio, subsequent metagenomic studies have not consistently reproduced these findings, 
highlighting the limited utility of phylum-level markers. More robust evidence points to depletion of SCFA-producing 
taxa (eg, Roseburia, Faecalibacterium prausnitzii) and enrichment of opportunistic pathogens, which together may 
exacerbate systemic inflammation and impair insulin sensitivity. However, many studies differ in methodology (16S 
sequencing vs shotgun metagenomics), population characteristics (European vs Asian cohorts), and disease stage 
(prediabetes vs overt T2DM), making direct comparison challenging. These inconsistencies suggest that T2DM- 
associated dysbiosis may not follow a universal taxonomic pattern but instead reflects context-dependent disruptions 
in microbial metabolic pathways, particularly those linked to bile acid metabolism, SCFA production, and LPS-driven 
inflammation. Future work should prioritize longitudinal and interventional studies to disentangle causal relationships 
from correlative associations.
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Gut Dysbiosis and Type 1 Diabetes 
Unlike T2DM, T1DM is characterized by the autoimmune disruption of insulin-secreting β cells of pancreas. While the 
underlying mechanisms of T1DM differ from those of T2DM, emerging evidence suggests that alterations in the GM are 
also present in T1DM.56–58 Interestingly, GM dysbiosis is predicted to develop early in life and exacerbate gut 
inflammation, potentially affecting immune system function before T1DM manifests clinically. Various studies have 
reported that in individuals developing T1DM, a pro-inflammatory gut environment is consistently linked with an 
elevated relative occurrence of Bacteroidetes and a decrease in Firmicutes, regardless of geographic location59 

(Table 1). A longitudinal clinical study by Vatanen et al,58 examined the fecal samples of children (aged between 
three months to five years), and reported that children who were later diagnosed with T1DM had elevated levels of 
Alistipes shahii, Bifidobacterium pseudocatenulatum, and Roseburia hominis. In contrast, children who did not develop 
T1DM had higher levels of Streptococcus thermophilus and Lactococcus lactis, two species commonly present in dairy 
products. Furthermore, genes linked to the fermentation and production of SCFAs were more prevalent in the micro
biomes of healthy children, indicating a possible protective function of SCFAs in the early development of T1DM.58 

Given that T1DM typically begins in the early phase of life, the GM may be critical in preventing the onset and 
development of the disease by promoting the establishment of a healthy microbiota from birth.

Scientific evidence proposed that the GM may contribute to the development of T1DM primarily through the 
modulation of immune responses. The pathophysiology of T1DM may be influenced by the disruption of the GM, 
given its role in the onset of chronic inflammation.

In support of this, Higuchi et al reported that blood IL-6 levels were significantly elevated in T1DM patients in comparison 
to normal controls, and this increase was associated with the presence of Ruminococcus and Ruminococcaceae.61 Leiva-Gea 
et al also documented that individuals with T1DM had higher levels of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α) 

Table 1 Summary of Clinical Studies on Gut Microbiota in DM

Author Study Title Study Population/ 
Number

Study Results

Larsen et al (2010)42 Gut Microbiota in Human Adults with 
Type 2 Diabetes Differs from Non- 

Diabetic Adults

T2DM subjects (n = 18), 
Non-diabetic controls  

(n = 18)

T2DM patients: ↑ the phylum Firmicutes and ↓ the class 
Clostridia, class Beta-proteobacteria

Qin et al (2012)43 A metagenome-wide association study 
of gut microbiota in type 2 diabetes

Chinese subjects (n = 345) T2DM patients: ↓ butyrate-producing Roseburia intestinalis 
and F. prausnitzii., ↑ opportunistic pathogens and sulfate 

reducing species Desulfovibrio

Karlsson et al (2013)60 Gut metagenome in European women 
with normal, impaired and diabetic 

glucose control

Postmenopausal female 
women (n = 2595)

T2DM women:↑ four Lactobacillus species, ↓ five other 
Clostridium species. R intestinalis and F prausnitzii, both 

prototypical butyrate producers, were highly discriminant for 
T2DM

De Goffau et al (2014)56 Aberrant GM composition at the 
onset of T1DM in young children

Diabetic children (n = 28), 
control children (n = 27)

Diabetic children: ↑ Bacteroidetes and Streptococcus mitis. In 
controls: a higher prevalence of Clostridium cluster IV and XIVa 

and Lactobacillus plantarum which produce butyrate

Pellegrini et al (2017)57 Duodenal Mucosa of Patients with 
Type 1 Diabetes Shows Distinctive 

Inflammatory Profile and Microbiota

T1DM subjects (n = 19) 
patients with celiac disease 

(n = 19) healthy control  
(n = 16)

T1DM patients: ↑ Firmicutes and Firmicutes/Bacteroidetes 
ratio and ↓ Proteobacteria and Bacteroidetes

Increased inflammation: ↑ monocyte/macrophage lineage 
infiltration

Allin et al (2018)44 Aberrant intestinal microbiota in 
individuals with prediabetes

Individuals with prediabetes 
(n = 134), individuals with 
normal glucose regulation 

(n = 134)

Prediabetics: ↓ the genus Clostridium and Akkermansia 
muciniphila

Vatanen et al (2018)58 The human gut microbiome in early- 
onset T1DM from the TEDDY study

Mostly white, non-Hispanic 
children (n = 783)

In children with T1D: ↑ Bifido-bacterium pseudocatenulatum, 
Roseburia hominis and Alistipes shahii

In controls: higher levels of Streptococcus thermophilus and 
Lactococcus lactis species

Notes: ↑ denotes higher, ↓ denotes lower.
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alongside reduced levels of anti-inflammatory cytokines (IL-13 and IL-10). These alterations were linked with the prevalence 
of various bacterial species.62 Additionally, T1DM was shown to have elevated LPS, which is known to cause the release of 
proinflammatory cytokines and disrupt pancreatic β-cell function.63 Notably, clinical data have demonstrated that T1DM 
subjects exhibit significantly higher levels of ligands for TLR2 and TLR4, suggesting an upregulated activity of TLR2 and 
TLR4.64 As previously discussed, TLRs are crucial in both innate and adaptive immunity, serving to shield the body against 
infectious pathogens. Gülden et al showed that TLR4 promotes the progression of DM, indicating that TLR4 plays a role in the 
development of insulitis.65 The TLR4/MyD88 signaling pathway is involved in NF-κB activation and the regulation of pro- 
inflammatory cytokines, including TNF-α and IL-6.66 Wang et al created MyD88-deficient Non-Obese Diabetic (NOD) mice 
and observed that these mice did not develop T1DM. These results predict that the GM may promote the progression of T1DM 
through the TLR4/MyD88 signaling pathway.67

Overall, the findings from the studies discussed indicate that individuals with T1DM exhibit signs of gut dysbiosis. 
However, further research to fully elucidate the pathophysiological mechanism of GM dysbiosis and T1DM is needed.
Critical Evaluation of Current Evidences. Evidence for gut microbiota involvement in T1DM is compelling but remains 
fragmented. Across cohorts, children who develop T1DM consistently display reduced microbial diversity and an 
inflammatory signature characterized by increased Bacteroidetes and decreased Firmicutes, although the specific taxa 
reported vary widely between studies. Longitudinal data suggest that these microbial changes precede clinical onset, 
implying a role in disease initiation rather than progression. Mechanistic studies highlight the contribution of microbial 
modulation of TLR2/TLR4 pathways and SCFA production to shaping immune tolerance; however, most data are 
correlative and derived from small pediatric cohorts or mouse models, limiting generalizability. Importantly, whether 
dysbiosis drives autoimmunity or arises secondarily from genetic and environmental predispositions remains unresolved. 
Future investigations should focus on harmonizing sequencing approaches and integrating host genetics, diet, and 
immune profiling to clarify causality and therapeutic potential.

Gestational Diabetes Mellitus 
In GDM, scientific studies have revealed GM as a key contributing factor in mediating inflammation, and insulin 
resistance during pregnancy. Women with GDM frequently experience metabolic disturbances, including reduced 
secretion of insulin and increased insulin resistance.68 The GM composition undergoes significant alterations during 
pregnancy, which may contribute to the onset of GDM. For instance, positive correlations have been observed between 
Collinsella and insulin levels, Coprococcus and gastrointestinal polypeptide, and Lachnospiraceae and Ruminococcaceae 
with adipokines69. Additionally, Koren et al reported that the GM undergoes significant changes from the first to the third 
trimester, characterized by elevated microbial diversity and reduced richness.70 Women with GDM had an elevated ratio 
of Firmicutes to Bacteroidetes, a key factor associated with the promotion of obesity and exacerbation of inflammation.71 

Compared to healthy controls, the number of bacteria that produce SCFAs was significantly reduced in GDM pregnan
cies, indicating that alterations in the microbiota may contribute to elevated blood glucose levels.72 Additionally, studies 
have demonstrated that the GM composition of children born to women with GDM is different to that of children born to 
non-GDM women. According to Ponzo et al, proinflammatory microorganisms were more prevalent in GDM neonates 
than in healthy controls.73 This discovery was corroborated by additional research, which showed that GDM newborns 
had lower α-diversity than the control group, and that the mother’s GDM status affected several lactic acid bacteria.74 

These findings suggest that the GM contributes to the progression of GDM and may also impact the microbiota 
composition in GDM offspring.
Critical Evaluation of Current Evidences. In summary, gut microbiota alterations appear to mirror the metabolic and 
inflammatory state of pregnancy. Multiple studies converge on a reduction of SCFA-producing bacteria and increased 
prevalence of proinflammatory taxa, with downstream effects on glucose tolerance and adipokine regulation. Notably, 
maternal dysbiosis is transferred to neonates, potentially predisposing offspring to future metabolic risk, underscoring the 
transgenerational impact of GDM. However, available studies are largely cross-sectional, with small sample sizes and 
heterogeneous diagnostic criteria, making it difficult to establish temporality or causation. Additionally, pregnancy itself 
induces profound physiological shifts in the microbiome, complicating differentiation between normal gestational 
adaptation and pathological dysbiosis. Thus, while the link between altered microbiota and impaired glucose metabolism 
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in GDM is plausible, definitive mechanistic evidence is lacking, and future work should include well-controlled long
itudinal studies tracking mother–infant dyads.

Gut Microbiota and Obesity
Obesity is a multifactorial metabolic disease, triggered by a range of environmental and genetic factors. According 
to the WHO reports, a body mass index (BMI) of 30 or higher is considered obese. Global assessments indicate 
that around one-third of the human population is classified as overweight, with approximately 10% categorized as 
obese.75 It is projected that by end of 2030, the global population of obese individuals will cross 1.12 billion.76 

The health risks associated with obesity have raised significant concern, positioning it as a major global health 
issue.77 Obesity is not only characterized by alterations in physical appearance, but is also linked to disturbances 
in glucose metabolism, oxidative stress, systemic inflammation, and an elevated risk of various diseases, particu
larly CVDs, cancer and diabetes.78,79 Recent research has increasingly indicated that GM imbalance may 
contribute to the development of obesity.80,81 The hypothesis correlating GM dysbiosis, as a predominant envir
onmental risk factor in obesity has prompted investigations into the microbiomes of obese subjects. Generally, 
obese patients exhibit reduced bacterial diversity and gene richness.82,83 Recent studies conducted on European 
subjects have shown that individuals with less diverse microbiomes tend to have higher levels of obesity, 
dyslipidemia, increased inflammatory response, and more prominent insulin resistance.84 Similarly, overweight 
and obese individuals with low microbial diversity experience an elevated microbial richness when subjected to an 
energy-restricted diet.85

Early research studies initially suggested that the ratio of Firmicutes-to-Bacteroidetes is elevated in obese subjects, 
which gradually reduces following weight loss through calorie-restricted diets or bariatric surgery.86 However, subse
quent studies largely failed to replicate these findings.87–89 It is crucial to acknowledge that these studies often lacked 
sufficient statistical power to detect significant differences. A meta-analysis that identified no significant differences in 
the quantity of Firmicutes and Bacteroidetes, nor in their ratio, provided the strongest evidence against a major 
association between the ratio and obesity.90 Overall, research in this field has shed light on the association between 
microbiota and obesity, even though the ratio of these two phyla is not a valid indicator of obesity. Notably, these findings 
challenge the idea of a single, specific taxonomic signature for obesity, suggesting that future research should focus on 
identifying specific taxonomic markers that could be used to categorize patients into distinct subgroups. A 2025 
comprehensive systematic review on microbiome-targeted interventions for obesity confirmed modest but significant 
reductions in body weight, adiposity, and inflammatory markers with probiotics, synbiotics, and FMT, though effects 
varied by strain and study design.91

Recent studies have linked obesity to specific bacterial families and genera, such as the Christensenellaceae (family) 
and the Methanobacteriales, Bifidobacterium, Lactobacillus, and Akkermansia (genera). Notably, the Christensenellaceae 
family was reported to be linked with weight reduction, with its relative prevalence inversely correlated with the host’s 
BMI.92 Akkermansia muciniphila has been identified as an important bacterium for weight reduction, with supplementation 
of this species improving metabolic parameters in obese individuals.93 Bifidobacterium and Lactobacillus are traditional 
probiotics, which exert a significant effect in regulating the human GM balance. A review by Crovesy et al94 reported that 
Lactobacillus has a species-specific effect on reducing body weight in overweight people. Specifically, an abundance of 
Lactobacillus paracasei was correlated negatively with obesity, whereas abundances of Lactobacillus gasseri and 
Lactobacillus reuteri were positively correlated with obesity. Evidence from pre-clinical studies suggests that 
Bifidobacterium may have a protective role against obesity, showing strain-dependent effects in diet-induced obesity 
models.95 Moreover, a reduction in the abundance of Bifidobacterium has been associated with obesity.96 These findings 
highlight the species-specific nature of obesity-related microorganisms, suggesting that microbes belonging to a specific 
genus may have opposing effects, potentially due to the complex metabolic mechanisms underlying obesity. More research 
is needed to elucidate the effect of other human gut microbial species in obesity.

Mechanistic Association of Gut Microbial Dysbiosis and Obesity 
The altered GM is believed to contribute to the development of obesity by various mechanisms, such as the disturbance 
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of energy balance, modulation of lipid production and storage, alteration of central appetite and feeding behaviors, and 
the promotion of chronic low-grade systemic inflammation.97

Absorption of Energy and Lipid Synthesis. GM metabolizes dietary macronutrients to generate bioactive metabolites, 
such as SCFAs, bile acids and amino acids (and their derivatives). In obese subjects, dysbiosis of the GM disrupts 
metabolite profile, which may contribute to enhanced lipid synthesis and energy absorption.98 Subsequently, the GM of 
obese mice exhibited an increased capacity to utilize non-digestible carbohydrates (NDC), for the synthesis of SCFAs 
and other monosaccharides which are utilized for energy production and fat storage, compared to the normal-weight 
mice. Elevated amounts of α-amylases and amylomaltases in the GM of obese mice were the main cause of these 
processes.99 Notably, SCFAs are essential as substrates for lipogenesis and energy production, meeting 60–70% of 
colonic epithelial cells’ caloric requirements and accounting for 5–15% of the body’s overall caloric intake.100,101

Despite their involvement in regulating the body’s energy metabolism, their effects on energy absorption and 
expenditure are complex and still subject to debate. SCFAs prevent intestinal epithelial cells from releasing fasting- 
induced adipocyte factors, which encourages the buildup of triglycerides into adipocytes that are guided by lipoprotein 
lipase and contribute to obesity.102 Conversely, SCFAs may promote fatty acid oxidation and thermogenesis through 
AMP-activated protein kinase (AMPK) activation, which would increase the expression of mitochondrial uncoupling 
protein 1 and PPAR-γ coactivator 1α, and provide protection against the development of obesity.103 Blaak et al reviewed 
a number of pre-clinical studies which showed that dietary supplementation with either single or mixed SCFAs 
significantly reduced high fat diet induced weight gain.104 However, it is crucial to mention that these conclusions are 
based on experiments on limited clinical research, particularly animal models, and small sample sizes.

In clinical settings, Schwiertz et al observed that obese individuals exhibited a distinct microbial and metabolite 
status, which resulted in an increased concentration of SCFAs with respect to normal subjects.86 Supporting this, 
a similar clinical analysis found that increased excretion of SCFAs was associated with gut permeability, gut dysbiosis, 
excess fat accumulation, and elevated CVD risk factors.105 However, well-controlled, long-term clinical trials examining 
SCFAs in human subjects are lacking. Future studies should focus on precise SCFAs metabolic kinetics and dosage, 
taking into account variations due to diverse metabolic conditions of humans.

The GM influences the metabolic status of amino acids as well as their byproducts, contributing to excessive lipid 
synthesis in the host. Liu et al identified a novel correlation between circulating amino acids, changes in the GM and 
obesity. Study results reported that the prevalence of glutamate-fermenting bacterium-Bacteroides thetaiotaomicron, was 
significantly reduced in overweight subjects and showed an inverse relationship with serum glutamate levels. Changes in 
body circumference, increased fat production, and significant weight gain were all linked to elevated serum glutamate 
levels.106 Pre-clinical (obese mice) and clinical (obese humans) studies revealed that a decrease in indole derivatives 
produced by the GM metabolizing tryptophan, results in an elevation of miR-181 family expression. This over- 
expression is linked to inflammation in adipose tissue and elevated lipid synthesis, both of which contribute to obesity 
development.107 While certain GM are known to generate various metabolites, the specific microbial contributors in the 
human gut are still not known. This necessitates further research to determine their exact functions within host pathways, 
and to understand the underlying mechanisms in various intestinal and other tissue cells.

Interestingly, the reduction of Lactobacillus and Bacteroides in over-weight subjects leads to a reduction in the levels 
of bile acids, which are crucial for managing fat storage and lipid synthesis.108 In the liver, bile acids stimulate the 
Farnesoid X Receptor (FXR), which decreases the liver receptor homolog 1 expression through a mechanism involving 
a small molecule heterodimer partner. This suppression limits the transactivation of sterol regulatory element-binding 
protein 1c (SREBP1c), a key regulator of genes involved in adipogenesis, thereby reducing synthesis of fatty-acids in 
human liver cells, and slowing the progression of obesity.109 Overall, these results emphasize the significant link between 
the GM, microbial metabolites, and energy storage by adipose tissue. A deeper understanding of these mechanisms could 
provide new insights and potential therapeutic targets for obesity treatment.
Chronic Systemic Inflammation and Reduced Insulin Function. Low-grade, chronic systemic inflammation is often 
considered as a major characteristic of metabolic disorders, primarily driven by increased serum levels of LPS.110 

Obese individuals with GM dysbiosis typically exhibit an increased prevalence of LPS-releasing bacteria (Veillonella) 
and a reduction in beneficial bacteria (Akkermansia muciniphila), that maintain the gastrointestinal mucosal barrier 
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integrity.45,111 These microbial imbalances lead to increased intestinal LPS concentrations, greater permeability of the 
intestinal barrier, and increased passage of harmful by-products from the gut into the circulation. In this context, 
excessive fat intake from a high-fat diet stimulates chylomicron generation in the gut after meals, which further promotes 
the LPS release into the bloodstream via the lymphatic system.112 Consequently, disruptions in the GM and remodeling 
of intestinal permeability may act as key contributors of inflammation in obesity, with unhealthy dietary factors 
potentially exacerbating this inflammatory response.

In healthy humans, an increase in fasting plasma glucose levels triggers insulin secretion, facilitating the uptake of 
glucose by peripheral tissues, which then leads to oxidative respiration and glycolysis. Insulin function is hampered by 
insulin resistance, which is characterized by a reduction or partial impairment of insulin sensitivity in peripheral organs. 
This leads to aberrant fat deposition in the liver and adipose tissue, as well as fasting hyperglycemia.113,114 The 
upregulation of inflammatory mediators in adipose tissue observed during obesity, accompanied by alterations in glucose 
tolerance and insulin sensitivity, was pivotal in establishing the connection between metabolic dysfunction and chronic 
inflammation.115 Cytokines (TNF-α and IL-1β), found in the adipose tissue of both humans and rodents, affect insulin 
sensitivity by regulating the gene expression of insulin receptor-1 (IRS-1), glucose transporter 4 (GLUT4), and PPAR-α, 
leading to insulin signaling desensitization.116 Subsequently, TNF-α can stimulate key inflammatory signaling compo
nents, including c-Jun N-terminal kinases and kappa B kinase inhibitor, which decreases the tyrosine phosphorylation of 
downstream insulin receptor substrates, attenuating insulin signaling.117 Changes in the GM notably affect intestinal 
metabolism of toxic by-products, promoting mild inflammation. Insulin resistance and obesity-related processes can be 
triggered by a variety of inflammatory mediators that affect many elements of the insulin signaling cascade, including 
transporters, insulin receptors, and downstream substrates.
Modulation of Central Appetite. GM exerts an important role in modulating feeding behavior and central appetite, by 
influencing gut metabolites, intestinal hormones, and neurotransmitters.

During feeding a variety of stimuli, including changes in intestinal osmotic pressure, the availability of nutrients, 
mechanical stimulation, and other elements, cause neuroendocrine processes to be activated. In response to these cues, 
enteroendocrine cells (EECs), which are widely dispersed throughout the intestinal epithelium, quickly release hormones 
that are essential for controlling metabolism. Key hormones secreted by EECs include pancreatic polypeptide (PP), GLP- 
1 and PYY, each exhibiting unique but overlapping physiological roles. PYY primarily acts to inhibit upper gastro
intestinal motility, reduce electrolyte secretion and mucosal fluid, and slow colonic transit, collectively promoting 
satiety.118 Similarly, PP contributes to appetite regulation by delaying gastric emptying, enhancing satiety, and facilitating 
energy expenditure, highlighting its potential role in weight reduction mechanisms.119 GLP-1 plays a critical role in 
metabolic regulation by reducing glucagon secretion, delaying gastric emptying, stimulating insulin production, and 
decreasing food intake.120 Emerging research highlights the potent anorexigenic properties of GLP-1 and related 
hormones, which modulate appetite and feeding behavior. These effects are mediated through their entry into the 
circulation or interaction with the enteric nervous system, where they bind to specific receptors on vagal afferents, the 
hypothalamus, enteric neurons, as well as the brainstem.121 Notably, studies have revealed that GLP-1 and PYY levels 
are predominantly reduced in individuals with obesity compared to those with normal weight, and their blood levels 
increase progressively after bariatric surgery.122 An investigation by Schéle et al demonstrated that GM can suppress 
brain-derived neurotrophic factor and the anti-obesity neuropeptide GLP-1 precursor proglucagon (Gcg) expression. This 
suppression may lead to increased food acquisition, potentially aggravating obesity progression.123 Consequently, 
strategies aimed at modulating endogenous satiety hormones, or delivering exogenous hormone analogs to stimulate 
their specific receptors and enhance satiety signaling present a promising avenue for reducing food intake and managing 
obesity.

Research has shown that metabolites derived from microbiota, including bile acids, SCFAs, and indoles, play an 
important role in regulating the secretion of gut hormones.124,125 SCFAs interact with EECs by targeting G-protein- 
coupled receptors (GPR41 and GPR43), stimulating the secretion of GLP- 1 and PYY. This binding also influences the 
production of neuropeptides that regulate postprandial satiety.126 Notably, butyrate, a type of SCFAs, can penetrate the 
blood-brain barrier and attach to hypothalamic receptors, activating the vagus nerve, and subsequently modulating 
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feeding behavior and appetite.127 Furthermore, lactate, produced by beneficial microbes such as Lactobacillus and 
Bifidobacterium, provides neuronal cells with energy and prolongs postprandial satiety.128

Taken together, findings link obesity to reduced microbial diversity and specific taxa such as Christensenellaceae and 
Akkermansia, yet no universal “obese microbiome” signature has emerged. Inconsistencies in the Firmicutes/ 
Bacteroidetes ratio highlight the limitations of broad taxonomic markers. Instead, functional traits—such as altered 
SCFA metabolism, amino acid biosynthesis, and bile acid signaling—appear more relevant. This suggests that obesity is 
associated with diverse microbial imbalances rather than a single compositional pattern.
Critical Evaluation of Current Evidence. The evidence linking gut microbial dysbiosis with obesity highlights several 
mechanistic pathways, including enhanced energy harvesting, altered lipid synthesis, systemic inflammation, and 
disrupted amino acid metabolism. However, most mechanistic insights stem from animal models with limited transla
tional value to humans, often constrained by small sample sizes and short follow-up periods. While SCFAs are presented 
as both obesogenic and anti-obesogenic, the duality of their function underscores unresolved contradictions that require 
clarification through controlled human studies. Similarly, inconsistencies in the Firmicutes-to-Bacteroidetes ratio across 
populations question its reliability as a universal biomarker of obesity. Findings on species such as Akkermansia 
muciniphila, Bifidobacterium, and Lactobacillus are promising but strain-specific, making generalization difficult. 
Moreover, metabolic effects attributed to GM—such as amino acid-driven lipid synthesis or bile acid–mediated regula
tion—remain correlative, with causality not firmly established. The section would benefit from integrating meta-analyses 
that emphasize inter-individual variability, host genetics, and dietary context as key modulators of microbiome-obesity 
interactions. Taken together, while GM dysbiosis is clearly associated with obesity, current data remain fragmented, 
requiring harmonized, longitudinal, and multi-omics approaches to move beyond descriptive correlations toward action
able biomarkers and therapies.

Gut Microbiota Dysbiosis and Cardiovascular Diseases
CVDs, encompassing conditions such as coronary heart disease, peripheral arterial disease and cerebrovascular disease, 
are the main causes of morbidity and mortality globally. Common risk factors include obesity, atherosclerosis, DM, 
hypertension, and dyslipidemia. Emerging evidence predicts the GM is essential for controlling cardiovascular health, 
and its dysregulation may be a factor in the onset and advancement of CVDs.129

Hypertension
Hypertension poses a serious threat to public health globally, and is the primary risk factor for CVDs, imposing 
a substantial economic burden on society. A compelling body of evidence has linked GM dysbiosis with hypertension. 
Li et al in 2017130 conducted an analysis of GM composition in healthy individuals, pre-hypertensives, and subjects with 
essential hypertension using metabolomic and metagenomic approaches. The study revealed that hypertensive patients 
exhibited reduced GM diversity, richness, and gene abundance compared to healthy controls. Furthermore, the GM 
composition in pre-hypertensive individuals closely resembled that observed in hypertensive individuals.

In a cross-sectional analysis, Sun et al131 explored the relationship between blood pressure and GM diversity in the 
Coronary Artery Risk Development in Young Adults (CARDIA) study cohort. Study results demonstrated a negative 
association between gut microbial diversity and hypertension, marking the first population-based cohort study to 
investigate this relationship. Subsequently, Liu et al132 utilized reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR) to quantify gut microbial populations. Study results revealed a reduction in Bifidobacterium and 
Bacteroides thetaiotaomicron abundance, alongside an increase in Eubacterium rectale, in hypertensive patients. Palmu 
et al132 assessed the correlation between hypertension and GM in a cohort of 6,953 Finnish participants. Their findings 
revealed significant alterations in gut microbial composition among hypertensive individuals, particularly within the 
Firmicutes phylum. Similarly, Yan et al133 reported an increased prevalence of certain opportunistic pathogens, such as 
Streptococcus, Parabacteroides, and Klebsiella, in hypertensive patients. In contrast, the control group exhibited higher 
levels of SCFAs-producing microbes, including Bacillus freundii and Roseburia. A metagenomic analysis revealed 
significant alterations in the composition and functionality of GM in hypertensive subjects, including a marked reduction 
in fecal butyrate levels compared to healthy controls134. Additionally, specific gut bacterial populations were linked to 
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variability in blood pressure and severity of hypertension. The relative abundance of Lactobacillus and Alistipes 
finegoldii were positively associated with lower blood pressure alteration, whereas Prevotella and Clostridium were 
correlated with higher variability in blood pressure.135

Significant variations in the relative abundance of particular taxa and the composition of GM were found in another 
clinical investigation between hypertensive patients with varying cardiovascular risk stratifications. Notably, probiotic 
abundance markedly decreased as cardiovascular risk increased, indicating that GM may contribute to the etiology and 
development of hypertension.136

Dyslipidemia
Owing to its regulatory effect on host lipid metabolism, GM has been closely linked to hyperlipidemia and associated 
diseases. GM functions as a critical metabolic “organ,” playing an essential role in host metabolism, homeostasis, and 
health maintenance, and is intricately linked to the onset and progression of dyslipidemia.137,138 Alterations in the gut 
environment can suppress the growth of beneficial bacteria such as Lactobacillus, Bifidobacterium, and butyrate- 
producing species while promoting the proliferation and dysregulation of Enterobacteria, leading to dyslipidemia.139 

Conversely, dyslipidemia exacerbates gut microbiota dysbiosis. During digestion, various nutrients including dietary 
fiber, carnitine, polyunsaturated fatty acids (PUFAs) and bile acids, are metabolized by microbial enzymes into 
metabolites such as conjugated linoleic acid (CLA), SCFAs, secondary bile acids and trimethylamine N-oxide 
(TMAO).137 These microbial metabolites exert systemic effects on the host. For instance, TMAO reduces high-density 
lipoprotein (HDL) levels in the liver, thereby disrupting lipid metabolic balance.140 CLA and SCFAs bind to PPARs to 
lower elevated triglycerides (TG), HDL-c, and very-low-density lipoproteins (VLDL).141 Additionally, secondary bile 
acids engage with FXR receptors, which are linked to increased HDL levels, enhanced lipolysis, and reduced VLDL 
concentrations.142 Notably, individuals with hyperlipidemia exhibit reduced SCFA concentrations, elevated levels of LPS 
and TMAO, and alterations in the bile acid pool.116

Studies have reported that hyperlipidemic subjects exhibit significant disruptions in the structure and function of their 
GM. Adolescents and children with hyperlipidemia display reduced fecal levels of SCFAs, which are associated with 
SCFA-producing bacteria, including members of the families Ruminococcaceae, and Lachnospiraceae and genera 
Roseburia, Bacteroides, Akkermansia, and Faecalibacterium.143 A randomized controlled clinical study demonstrated 
that fecal samples from individuals with MetS, characterized by hyperlipidemia, contained lower abundances of probiotic 
species such as Lactobacillus, Bifidobacterium, Roseburia and Faecalibacterium prausnitzii, along with increased levels 
of LPS-producing bacteria like Enterobacter cloacae and Escherichia coli, compared to healthy controls.144 At present, 
there is no clear consensus on the precise compositional imbalances in gut microbiota linked to hyperlipidemia, 
potentially owing to the functional redundancy of GM.

Atherosclerosis
According to recent research, atherosclerotic plaques include bacterial DNA, and the same bacterial taxa have been 
found in both the plaques and the guts of the same subjects.145 These findings indicate that the bacterial communities 
in these locations could serve as a bacterial source in the plaques, potentially influencing plaque stability and the 
progression of CVDs. Metagenomic analysis of fecal microbiota demonstrated that microbial abundance differs 
between subjects with unstable and stable plaques. Specifically, unstable plaques were characterized with lower 
fecal prevalence of the genus Roseburia, an elevated theoretical ability of the microbiome to release pro- 
inflammatory peptidoglycans, and a reduced capacity to produce anti-inflammatory carotenoids.146 Thus, the gut 
microbiome in CVD patients may contribute to inflammation by generating more pro-inflammatory molecules. 
A recent systematic review and meta-analysis (Martins et al, 2024) synthesizing 67 studies with nearly 12,000 
participants confirmed consistent microbial differences between CVD patients and healthy controls, particularly 
involving TMAO, Streptococcus, and SCFA-producing taxa. This reinforces the role of dysbiosis in CVD, though 
population and methodological variability remain significant.147
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Mechanistic Insights About Gut Microbiota Dysbiosis and CVDs
GM regulates the metabolism of phosphatidylcholine, choline, and carnitine, ultimately producing TMAO, which has 
been implicated in regulating cholesterol homeostasis and bile acid levels, and is also linked with the early stages of 
atherosclerosis and an increased risk of CVDs. Independent cohorts have demonstrated a link between elevated TMAO 
levels and adverse clinical outcomes.148 In a clinical trial involving over 4,000 individuals undergoing elective coronary 
angiography, higher TMAO levels were linked with higher incidence of major adverse cardiovascular events (MACE), 
such as stroke, myocardial infarction, and death, during a 3-year follow-up period.149 Notably, patients with highest 
quartile of circulating levels of TMAO had a 2.5-fold higher risk of experiencing a MACE compared to patients in the 
lowest quartile. Since these early studies, additional research has consistently shown associations between elevated levels 
of TMAO and risk of CVD.150–152 TMAO, in circulation, was correlated with the incidence of plaque rupture, coronary 
plaques and chronic risks of CVDs in subjects with acute coronary syndrome.153

Mechanistically, TMAO can stimulate the expression of inflammatory cytokines (TNF-α, IL-6. IL-8), by activating 
NF-κB and MAPK signaling cascades in smooth muscle and endothelial cells. NF-κB is widely recognized as a critical 
mediator in the stimulation, differentiation, and effector functions of inflammatory immune cells. Consequently, NF-κB 
dysregulation may be a major factor in the pathogenesis of atherosclerosis by facilitating the recruitment of 
monocytes.154 Moreover, LPS has been reported to promote vascular inflammation and endothelial dysfunction by 
inducing vascular oxidative burden.155 A retrospective study performed by Yoshida et al revealed that CVD patients 
display elevated levels of fecal LPS, with respect to healthy subjects.156

The GM plays a central role in regulating dyslipidemia primarily through the production of cholesterol oxidase, which 
inhibits cholesterol synthesis while promoting its degradation and transformation. Additionally, GM and its metabolites, 
(SCFAs and bile acids), influence chronic inflammation, energy harvesting efficiency, and immune system activation, by 
altering intestinal barrier permeability. These mechanisms can disrupt reverse cholesterol transport and contribute to 
metabolic alterations, including dyslipidemia.157 Fu et al identified Bacteroides and Firmicutes as the predominant phyla 
affecting blood lipid levels, significantly influencing serum HDL-C and TG levels.158

Overall, evidence implicates gut dysbiosis in CVD through pathways involving TMAO, LPS, and reduced SCFA 
production. However, findings vary widely across cohorts, with functional redundancy and host–microbe interactions 
complicating causal inference. While some taxa show consistent associations with hypertension, dyslipidemia, and 
atherosclerosis, mechanistic validation in humans is limited. Future studies should integrate microbiome data with 
metabolic and immunological profiling to better define causality and therapeutic targets.

Critical Evaluation of Current Evidences
The growing body of evidence linking gut microbiota (GM) dysbiosis with cardiovascular diseases (CVDs) provides 
strong biological plausibility, especially through metabolites such as trimethylamine-N-oxide (TMAO), short-chain fatty 
acids (SCFAs), and secondary bile acids. Elevated TMAO levels have been associated with major adverse cardiovascular 
events across diverse cohorts, yet much of this evidence remains observational. The inability to establish clear causality 
raises questions as to whether TMAO is an active mediator of disease progression or a surrogate biomarker influenced by 
host diet and comorbidities.

Studies on hypertension and dyslipidemia consistently demonstrate associations with reduced microbial diversity and 
altered SCFA-producing taxa, but most are limited by cross-sectional design, modest sample sizes, and confounding 
factors such as medication use, dietary habits, and underlying metabolic disorders. This undermines the reproducibility of 
microbial signatures across populations, making it difficult to propose universal microbiome-based biomarkers of CVD.

Animal models have advanced mechanistic understanding by implicating inflammatory pathways such as NF-κB and 
MAPK in microbiota-driven vascular dysfunction. However, interspecies differences in microbiota composition and 
metabolite metabolism restrict translational relevance to human disease. Furthermore, functional redundancy within 
microbial communities means that shifts in taxa composition may not directly translate into consistent metabolic or 
clinical outcomes.

Taken together, while current findings underscore the potential contribution of GM dysbiosis to CVD pathophysiol
ogy, the field remains dominated by associative rather than causal evidence. Future studies should emphasize longitudinal 
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cohort designs, standardized sequencing methodologies, and multi-omics integration to disentangle confounding factors, 
identify reproducible microbial markers, and advance microbiota-targeted therapeutic strategies for cardiovascular health.

Gut Microbiota: As a Metabolic Syndrome Biomarker or Diagnostic 
Predictor
A gut metagenomic linkage group associated with MetS risk has been identified, and taxonomic analysis revealed certain 
microbial risk markers characterized by moderate dysbiosis, reduced abundance of butyrate producers, increased 
prevalence of pathogenic bacteria, and an improvement of microbial functions associated with sulfate reduction 
resistance and oxidative stress.43 Emerging evidence strongly suggests that inter-individual deviations in GM not only 
predict disease progression but also influence responses to dietary interventions. Precision nutrition research has 
consistently highlighted the importance of GM composition in personalizing dietary recommendations. Variability in 
postprandial blood glucose responses to identical meals has been linked to alterations in GM composition. The 
PREVIEW trial, involving pre-diabetic overweight or obese subjects, consuming on low-energy diet (LED) for an 
8-week period demonstrated that baseline GM features could predict reductions in body fat during the LED phase.159

Similarly, a cohort study involving 800 participants found significant inter-individual differences in post-prandial 
glucose responses, which could be linked to specific clinical and microbiome characteristics; this was confirmed in 
a follow-up study of 100 individuals.160 Furthermore, the PREDICT trial showed that GM composition accounted for 
6.4% of post-meal glycemia, 7.5% of post-meal TG variability, and 5.8% of C-peptide levels (postprandial), independent 
of other individual characteristics, in over 1,000 twins and unrelated individuals, with findings validated in a US cohort 
of 100 participants.161

Certain microbial species, such as Blastocystis and Prevotella copri, have been identified as markers of advantageous 
postprandial glucose metabolism. Additionally, the overall composition of GM has been shown to predict a wide range of 
cardiometabolic blood indicators, such as fasting and postprandial lipemic, glycemic, and inflammatory indices.162 

Notably, in obese individuals undergoing caloric restriction, improved insulin sensitivity has been observed in subjects 
having higher prevalence of Akkermansia muciniphila.163 Similarly, Parabacteroides distasonis has been linked with 
enhanced sensitivity to insulin in obese individuals.164

Crosstalk Between Dietary Interventions and Metabolic Syndrome
The prevalence and prevention of MetS is significantly influenced by modifiable lifestyle factors, especially eating habits, 
according to recent studies.165–167 The positive impacts of several dietary approaches on inflammatory markers linked to 
MetS were investigated by Steckhan et al.168 Similarly, Godos et al performed a meta-analysis demonstrating the 
preventative potential of healthy dietary lifestyle to decreased MetS prevalence169 (Table 2).Herein, we present the 
possible advantages of different dietary strategies for managing MetS and its related comorbidities, as well as their 
efficacy as preventative and therapeutic measures (Figure 2).

Table 2 Dietary Patterns and Their Influence on MetS

Nutritional 
Intake Pattern

Principal Diet 
Components

Nutritional Profile Enhancements in MetS Criteria

DASH diet Total fats, Saturated 
fats, Dietary 

cholesterol, CH, 
Proteins

Total fats 27% kcal/d, Saturated fats 6% kcal/d, 
Dietary cholesterol, CH 55% kcal/d, Proteins 18% 

kcal/d

Enhancement in cardiometabolic profile and Low incidence of 
T2DM, Decline in waist circumference and BMI, Deduction of 

BP (systolic and diastolic)

Low CH diets and 
very low CH diets 
(ketogenic diets)

Carbohydrates, 
ketogenic diets, High 

protein and fat 
intake

<50% kcal/d from carbohydrates and <10% kcal/d 
from CH in ketogenic diets, High protein (20–30% 

kcal/d), High fat intake (30–70% kcal/d)

Achieving and maintaining weight reduction, Decrease in 
diastolic blood pressure (DBP), Reduction in low-density 
lipoprotein cholesterol (LDL-C) and triglyceride levels, 

Elevation of high-density lipoprotein cholesterol (HDL-C) 
levels, Enhancement of insulin sensitivity, Lowering of glycated 

hemoglobin (HbA1c) levels

(Continued)
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Mediterranean Diet
The Mediterranean diet (Medi-Diet) encompasses the dietary patterns, cultural practices, and culinary traditions of 
populations residing in the Mediterranean Basin.170 Extensive scientific research has demonstrated its significant health 
benefits, including its role in the prevention of conditions such as T2DM, CVDs, and MetS.171,172 Beyond its health 
advantages, recent studies have also highlighted the Medi-Diet’s positive impact on cultural and sustainability 
preservation.173 Labelled by UNESCO as an Intangible Cultural Heritage of Humanity,174 the Medi-Diet has been 
endorsed in the 2015–2020 American Dietary Guidelines as a model of a healthy dietary pattern.175 The Medi-Diet is 

Table 2 (Continued). 

Nutritional 
Intake Pattern

Principal Diet 
Components

Nutritional Profile Enhancements in MetS Criteria

Mediterranean diet MUFA 1, EVOO and 
Nuts, CH & Protein

35–45% kcal/d from total fats, 15–18% kcal/d from 
protein

Reduction in the incidence and adverse outcomes of 
cardiovascular disease (CVD), Lowering of blood pressure, 

including both systolic and diastolic measurements, Negative 
correlation with overall mortality rates, Improvements in lipid 

profile abnormalities (dyslipidemia), Decreased risk of 
developing type 2 diabetes mellitus (T2DM)

Plant-based diets Animal-derived 
foods, Plant-source 

foods and UFAs

Reduction or restriction of animal-derived foods, 
High intake of plant-source foods, Fat profile rich in 

UFAs

Reduction in body weight and the likelihood of developing 
obesity, Lowering of systolic and diastolic blood pressure, 

Decreased risk of cardiovascular diseases (CVD), Reduction in 
all-cause mortality rates, Lowered risk of type 2 diabetes 

mellitus (T2DM)

Low-fat diet Saturated fat, 
protein and CH

<30% kcal/d from total fat (<10% of saturated fat), 
15–17% kcal/d from protein, 50–60% kcal/d from CH

Temporary improvement in lipid profile, Reduction in both 
systolic and diastolic blood pressure, Lowered risk of all-cause 

mortality, Short-term reduction in body weight

High protein diet High protein, Low 
CH

High protein (20–30% kcal/d) or 1.34–1.50 g/Kg body 
weight/d from protein, Low CH (40–50% kcal/d)

Improvement in triglyceride profile

Abbreviations: MUFA, Monounsaturated fatty acids; EVOO, extra virgin olive oil; CH, carbohydrates; CVD, cardiovascular disease; BP, blood pressure; T2DM, type 2 
diabetes mellitus; DASH, Dietary Approaches to Stop Hypertension; UFAs, unsaturated fatty acids; BMI, body mass index; DBP, diastolic blood pressure; LDLc, low-density 
lipoprotein cholesterol; HDLc, high-density lipoprotein cholesterol; HbA1c, glycated hemoglobin; MUFA, monounsaturated fatty acids.

Figure 2 Therapeutic diets and therapeutic interventions on microbiota dysbiosis and their effects on diabetes, obesity and cardiovascular diseases. Image provided by 
Servier Medical Art (https://smart.servier.com), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part of this illustration is from NIAID NIH BioArt 
Source (bioart.niaid.nih.gov/bioart/41). 
Notes: ↑ denotes increase, ↓ denotes decrease. 
Abbreviations: Medi-Diet, Mediterranean diet; DASH, Dietary Interventions to Stop Hypertension; HDL, high density lipoprotein.
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predominantly plant-based, specified by high consumption of vegetables, particularly leafy greens, pulses, fruits, 
legumes, nuts, whole-grain cereals and extra virgin olive oil (EVOO) as the primary fat source. Traditional recipes 
often incorporate sauces such as sofrito, made with tomato, olive oil, onion, garlic or leek, which contain carotenoids and 
phenolic compounds like naringenin, lycopene, hydroxy-tyrosol, and β-carotene.176 Moderate consumption of fermented 
alcoholic drinks (red wine), typically consumed with meals, is another hallmark of the Medi-Diet, alongside low to 
moderate consumption of poultry and fish, and minimal intake of pastries, butter, red meat, sweets, and soft drinks.177,178 

The traditional Medi-Diet is characterized by a low-carbohydrate, high-fat dietary composition, with fat contributing to 
total daily energy intake of 35–45%, approximately 40–45% from carbohydrates and 15% from protein.177 EVOO, 
a cornerstone of the Medi-Diet, is the prime source of monounsaturated fatty-acids (MUFAs) in Mediterranean countries, 
with oleic acid as its major component. Numerous studies have associated MUFA consumption with enhanced insulin 
sensitivity, improved blood lipid levels, and reductions in blood pressure levels (both systolic and diastolic), addressing 
critical risk factors for MetS.179 In addition to its MUFA content, EVOO contains abundant polyphenols, which exhibit 
antioxidant anti-inflammatory properties, further supporting endothelial function and improved lipid profiles.180 Overall, 
this dietary pattern provides a wide array of bioactive compounds, including antioxidant vitamins (β-carotene, C, and E), 
folates, phytochemicals, and essential minerals, which collectively contribute to its protective health effects.

Di Daniele et al documented a review examining the influence of adherence to the Medi-Diet on MetS criteria, 
dysfunction of adipose tissue, and obesity. Study results indicated that prescribing the Medi-Diet could serve as 
a therapeutic approach for MetS by reducing excess fat and mitigating inflammatory responses associated to 
obesity.171 Franquesa et al also highlighted strong evidence supporting the Medi-Diet’s efficacy in hampering obesity 
and MetS in both healthy individuals and those at high CVD risk, as well as decreasing mortality risk among obese 
individuals.172 A meta-analysis of 12 prospective and cross-sectional cohorts demonstrated that greater adherence to the 
Medi-Diet was related with a 19% reduction in MetS risk. Additionally, individual MetS components, such as blood 
pressure and waist circumference, showed improvements.169 Comparable protective effects have been identified in 
subsequent trials conducted in both Mediterranean and non-Mediterranean populations.181,182 In the CARDIA 
(Coronary Artery Risk Development in Young Adults) study, a prospective cohort of 4,713 individuals in the US 
comprising white and black populations, higher Medi-Diet consumption was linked to a reduced incidence of MetS 
compared to lower adherence subjects, with a significant linear trend across five adherence score categories.181 Similarly, 
in the SU.VI.MAX trial, a 6-year follow-up of 3,232 participants, Kesse-Guyot et al found that individuals in the highest 
tertile of Medi-Diet adherence had a 53% lower risk of developing MetS compared to the lowest tertile.182 Medi-Diet 
adherence was also linked with favorable changes in individual MetS components, such as, blood pressure, waist 
circumference, HDL-c and TG levels.182 Furthermore, studies in Korean subjects found lower MetS prevalence among 
those with medium to high adherence to Medi-Diet adherence.183

Furthermore, the Medi-Diet has been reported to reduce T2DM and CVD incidences, while also mitigating disease 
severity and complications in patients already diagnosed with these conditions.172,178 Given its demonstrated health 
benefits and simplicity of adherence, the Medi-Diet is recommended as a primary strategy for MetS management. A 2025 
systematic review showed that dietary patterns influence gut microbiota composition in ways that align with cardiometa
bolic benefits, including reduced inflammation and improved lipid profiles, though heterogeneity in adherence and 
populations persists.184

DASH Diet
Dietary Approaches to Stop Hypertension (DASH) diet, in 1997, emerged as a promising intervention for managing high 
blood pressure,185 with subsequent randomized clinical trials (RCTs) reinforcing its efficacy.186 This dietary pattern 
emphasizes the consumption of whole grains, fruits, vegetables, low- or fat-free dairy products, nuts and legumes, while 
limiting sugar-sweetened beverages and red and processed meats consumption.185 The DASH diet features a low fat 
content (27% of daily caloric intake from fat), particularly saturated fats, and a cholesterol intake of approximately 
150 mg/day. Additionally, it reduces sodium intake (ranging from 1500 to 2300 mg/day) while providing high levels of 
fiber (>30 g/day), calcium, magnesium, and potassium, with respect to other dietary approaches.187,188 It has demon
strated effectiveness as a therapeutic approach for hypertension,188–190 and numerous epidemiological analysis have 
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linked DASH diet adherence to improved cardiometabolic health.191–195 A meta-analysis of multiple cohort studies by 
Schwingshackl et al found that increased DASH diet adherence was significantly correlated with reduced risks of all- 
cause mortality, T2DM incidence, and CVD incidence or mortality.196

Investigating the use of the DASH dietary approach for hypertension management, a meta-analysis of 30 randomized 
controlled trials involving 5,545 participants (both hypertensive and non-hypertensive), demonstrated that the DASH 
diet, combined with lifestyle modifications, significantly reduced blood pressure, compared to a control diet.186 These 
effects were more pronounced in individuals with sodium intake below 2,400 mg/day, participants under the age of 50, 
and hypertensive individuals not receiving antihypertensive medications.186 Furthermore, on comparing the DASH diet 
to 13 other dietary patterns (including the Mediterranean diet, low-sodium diet, Paleolithic diet, Nordic diet and low-fat 
diet) for their antihypertensive efficacy, the DASH diet emerged as the most effective in managing hypertension, 
particularly when compared to low-fat diets.190

The DASH diet has demonstrated potential benefits in reducing abdominal obesity and excess body weight.197 

Adherence to the DASH diet by overweight or obese subjects resulted in greater weight reduction compared to other 
dietary patterns, with an average reduction of −3.63 kg. However, after one year of DASH intervention, the weight loss 
was slightly attenuated, averaging −3.08 kg.188 The results correlating the impact of the DASH diet on blood lipoproteins 
are inconsistent.188,189 Ge et al reported no significant alteration in LDL-c or HDL-c levels following a DASH dietary 
approach compared to a usual diet.185 Conversely, a meta-analysis by Siervo et al involving 1,917 subjects with CVD risk 
factors found reductions in total cholesterol and LDL-c levels, but observed no significant changes in TGs or HDL-c 
levels.189 Similar outcomes were noted in a controlled trial involving 80 patients with T2DM, where adherence to the 
DASH diet for 12 weeks resulted in significant reductions in TGs, total cholesterol, and VLDL levels, comparable to 
those achieved with an antidiabetic diet recommended by American Diabetes Association.198

Epidemiological studies indicate that following the DASH dietary approach vigorously is linked to an improved 
cardiometabolic profile, and a reduced risk of CVDs.194,199 A cross-sectional study involving 1,493 subjects found that 
following the DASH dietary routine was linked to 48% lower risk of MetS development. Indeed, humans with greater 
adherence exhibited lower pro-inflammatory markers, BMI, waist circumference, and measures of adiposity compared to 
those with lower adherence.191 Similarly, Asghari et al reported that in a cohort of 425 healthy adolescents and children 
aged 6–18 years, higher DASH diet adherence corresponded to a 64% reduced risk of MetS. This study also identified 
inverse relationships between adherence to the DASH diet and hypertension, abdominal obesity, and fasting plasma 
glucose levels.200 Furthermore, modifying the DASH diet to accommodate the glucose management needs of individuals 
with T1DM (by reducing carbohydrate content by ~10% and increasing fat intake by ~15%), improved glucose control 
and enhanced overall dietary quality, characterized by increased consumption of leafy vegetables, fiber, fruits, and protein 
compared to typical dietary intake.201

The health advantages of the DASH diet are likely attributed to its nutritional composition and distribution. This diet 
is abundant in fruits and vegetables, leading to increased intake of magnesium, potassium, and fiber—nutrients that have 
been shown to regulate insulin response, blood pressure and glucose metabolism.

Plant-Based Diets
Diets that emphasize plant-based products including vegetables, nuts, fruits, legumes, and grains while reducing or 
eliminating animal-based meals are known as plant-based diets (PBDs). Within this category, strict vegetarian diets, or 
vegan diets, exclude all animal-based meals, including eggs, honey and dairy. Lacto-vegetarian diets limit animal food 
intake but allow dairy products, while lacto-ovo-vegetarian foods exclude seafood, poultry and meat, but include dairy 
products and eggs. Pescatarians or pesco-vegetarians, follow a diet similar to lacto-ovo-vegetarians but also include 
fish.202

PBDs have been linked to favorable cardiometabolic outcomes, particularly a reduced risk of MetS development and 
its individual factors.203 These eating habits are linked to a decreased risk of T2DM, obesity, and CVDs, as well as 
a lower all-cause mortality.204,205 Several investigations have reported a reduced risk of ischemic heart disease induced 
mortality in vegetarians compared to non-vegetarians.206 Furthermore, a meta-analysis of seven controlled clinical trials 
demonstrated that individuals following a vegetarian diet sustained a mean decrease of 4.8 mmHg and 2.2 mmHg in 
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systolic and in diastolic blood pressure, respectively, in comparison to those who followed an omnivorous diet.204 These 
findings were supported by another meta-analysis conducted by the same authors, which included 32 clinical studies with 
a total of 604 participants. This analysis showed significant associations between adherence to PBDs and decrease in both 
systolic (−6.9 mmHg) and diastolic blood pressure (−4.7 mmHg).207,208

The impact of PBDs on serum lipid concentrations remains a subject of debate. Wang et al documented a meta- 
analysis of 11 randomized controlled trials to assess the impact of a PBD on TGs, HDL-c, LDL-c and non-HDL-c 
levels.209 The results showed significant reductions in total cholesterol, HDL-c and LDL-c after adhering to vegetarian 
diet compared to an omnivorous control diet. Notably, no significant changes in TG levels were reported. This 
investigation also reported significant weight reduction in subjects following the vegetarian diet, with a mean reduction 
of −2.88 kg compared to those following an omnivorous diet. Similar results were documented in another meta-analysis 
study of 12 RCTs involving 1,151 participants, where individuals on the vegetarian diet demonstrated a significant 
reduction in body weight, compared to non-vegetarian subjects (mean difference: −2.02 kg).210

In summary, recent research highlights the protective effects of PBDs against CVDs, MetS and their associated risk 
components. However, the health benefits are contingent on the selection of nutrient-rich plant-based foods. Therefore, 
dietary guidelines ought to promote PBDs as a promising approach for the management of MetS.

Low-Carbohydrate Diet
Low-carbohydrate (low-CH) dietary patterns are defined by a reduction in CH intake to less than 50% of daily caloric 
consumption. These diets typically involve limiting the acquisition of processed foods, starches, refined grains, and foods 
high in simple or added sugars.211 The relationship between CH consumption and the incidence and/or management of 
MetS remains inconsistent.212 A meta-analysis of 18 clinical studies encompassing 69,554 individuals with MetS, 
consuming high intake of CH, by Liu et al reported a 2.5% elevation in MetS risk for every 5% rise in energy derived 
from CH.212 High intake of CH was also associated with adverse effects on the lipid profile, including elevated blood 
pressure, LDL-c, and TGs along with decreased HDL-c levels213. The health advantages reported in low-CH diets are 
partly attributed to the avoidance of rapidly absorbed CHs, such as refined grains and glucose, which can exacerbate 
insulin resistance and increase insulin demand. In management of T2DM, clinical guidelines emphasize individualized 
dietary approaches rather than prescribing specific carbohydrate restrictions.214

Bazzano et al performed a randomized controlled trial, in obese patients (BMI 30–45 kg/m2), to compare the weight 
lowering benefits of a low-CH diet with a low-fat diet.215 The study did not include energy restriction or physical activity 
guidance. Participants on the low-CH diet lost a considerably higher amount of weight after a year (−3.5 kg), mostly due 
to decreases in fat mass. Additionally, the low-CH group demonstrated improvements in CVD risk factors, including 
lower TG levels, increased HDL-c, and an improved total cholesterol-to-HDL ratio.215 In the context of T2DM, low-CH 
dietary interventions were associated with greater reductions in body weight, TGs, glycosylated hemoglobin (HbA1c), 
and blood pressure, along with increases in HDL-c, compared to low-fat diets. These changes were also accompanied by 
modifications in glucose-lowering medication regimens.216 Several studies have identified a correlation between modified 
CH intake and an increased risk of CVD events, including myocardial infarction and stroke.217,218 However, there 
remains insufficient scientific evidence to conclusively support the metabolic benefits of low-carbohydrate diets (<50
–55% of total energy intake). More studies are needed to investigate the impact of low-CH diet on cardiometabolic 
events.

Among low-CH diets, very-low-CH ketogenic diets are being proposed to have a therapeutic role in managing MetS 
and associated factors including obesity, and CVDs.219,220 Although there is no universally accepted definition, ketogenic 
diets are typically characterized by CH intake comprising less than 10% of daily energy (equivalent to approximately 
30–50 g /day) accompanied by a relative elevation in fat intake, with a fat-to- protein and CH ratio of 4:1 and 3:1, 
respectively.221 This highly restrictive dietary approach has demonstrated protective effects against CVD and obesity, 
primarily through improvements in lipid profiles and reductions in body weight.219,222,223

The meta-analysis conducted by Bueno et al reviewed that adherence to ketogenic diet caused significant weight loss, 
as well as reductions in TGs and blood pressure, in comparison to low-fat diets. Additionally, HDL-c levels increased in 
individuals following a ketogenic diet.224 The mechanisms underlying these benefits include the reduction of insulin 
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secretion due to the absence of dietary CH intake, which inhibits lipogenesis and fat accumulation while promoting 
lipolysis. Other contributing factors are the satiating effects of protein consumption, which influence appetite-regulating 
hormones (ghrelin and leptin), and the modulation of ketone body and insulin production, which may enhance metabolic 
processes, particularly insulin signaling.219,225 Furthermore, the glycogen depletion and CH restriction associated with 
a ketogenic diet promotes the utilization of ketone bodies as a primary energy source. However, sustained production of 
ketone bodies requires energy restriction. Recent evidence indicates that the observed benefits of ketogenic diets on body 
weight and cardiovascular health are primarily attributable to energy restriction rather than the diet’s macronutrient 
composition.226 Healthcare professionals should also consider the challenges of adhering to a ketogenic diet, as well as 
the potential exclusion of nutrient-rich foods such as fruits, vegetables and whole grains. These foods are strongly linked 
with a lower risk of chronic diseases, including, T2DM, CVDs and certain cancers.

Low-Fat Diets
Low-fat diets (LFDs), are characterized by fat intake comprising less than 30% of total energy, with saturated fats (SFA) 
contributing less than 10%, moderate PUFA content, and minimal trans fatty acids.227 LFDs typically emphasize higher 
CH intake and moderate protein intake (approximately 15–17% of total energy). Foods included in LFDs often feature 
reduced-fat options (low-fat dairy), in place of whole-fat alternatives. In weight-loss interventions, LFDs have been 
associated with a reduced risk of premature death in overweight subjects.228 A meta-analysis of 34 randomized controlled 
trials reported an 18% reduced risk of all-cause mortality in such interventions, although no significant influence on CVD 
incidence or mortality were reported.228 Additionally, a network meta-analysis highlighted the potential of LFDs in 
reducing body weight compared to normal dietary habits or other dietary patterns, particularly after short-term interven
tions (6 months). However, this effect was found to diminish after one year.188

Clinical trials examining the impact of LFDs on the prevalence of MetS have produced inconsistent findings.229–232 

Dietary interventions emphasizing low fat intake (approximately 20% of total energy from fat) demonstrated modest 
reductions in certain components of MetS, but showed no significant effects on CVDs outcomes or the prevalence of 
coronary heart disease in postmenopausal women compared to normal diets.229 Additionally, adherence to a LFD did not 
correlate with a reduced incidence of MetS in older individuals at high risk for CVD.232

Veum et al evaluated the impact of a high-CH, low-fat diet versus a low-CH, very high-fat diet (~73% of total energy 
from fat) on MetS components.233 The study reported no significant changes in MetS components, body composition or 
body weight, over the medium term. Similarly, the DIETFITS trial, conducted by Gardner et al, found that both low-CH 
and low-fat dietary interventions resulted in significant reduction in body weight, with no notable changes between the 
two approaches.234 LFDs intervention demonstrated short-term potential for managing hypertension and blood lipopro
teins, including reduction in blood pressure (systolic and diastolic) and HDL-c and LDL-c level improvement levels, 
compared to usual diets. However, these effects diminish over the long term.188,190 A meta-analysis of RCTs involving 
17,230 participants with pre-hypertension or hypertension by Schwingshackl et al found that the DASH diet and Medi- 
Diet are more potent than LFDs for long-term management of blood pressure.190 Regarding, T2DM management, a study 
by Basterra-Gortari et al documented that LFDs did not influence the need for managing glucose-lowering medications, 
whereas a Medi-Diet supplemented with EVOO was associated with a delayed requirement for such medications in older 
adults at high CVD risk.235 Notably, various studies have reported that LFD interventions may improve microbiome 
dysbiosis associated with MetS by enhancing microbial α-diversity.236 However, the available evidence is limited, and 
further investigations are required to understand the long-term impact of these interventions.

High-Protein Diet
Recent evidence indicates that dietary patterns rich in protein may result in significant weight reduction and improve
ments in CVD progression, compared to standard protein diets, which typically provide 0.8g of protein (per kg of body 
weight). In high-protein diets (HPDs), protein intake contributes around 20–30% of daily energy, equivalent to 
approximately 1.3–1.5 g of protein (per kg of body weight).237 These diets have been proposed for the treatment of 
MetS and associated factors including obesity and T2DM.238,239 However, the efficacy of HPDs for weight reduction 
remains debatable A meta-analysis report of 18 studies evaluating the impact of HPDs in T2DM subjects found no 
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significant reductions in body weight in comparison to a standard protein diet.237 Similarly, no significant improvements 
were observed in glycemic indexes (fasting glucose, HbA1c and insulin), blood pressure and blood lipid levels. Despite 
this, a significant reduction in TG levels was reported among participants on HPDs. In individuals with MetS, HPDs 
combined with CH restriction have demonstrated effectiveness in weight management in obese adults with MetS.237,238

The Optimal Macronutrient Intake Trial to Prevent Heart Disease (OmniHeart) was a controlled, three-period 
crossover randomized study involving 164 subjects who were overweight or obese and had pre-hypertension or stage 
1 hypertension, but were not diabetics.240 The trial sought to assess insulin sensitivity using the quantitative insulin 
sensitivity check index across three dietary interventions: a high-CH diet (58% of daily calories from carbohydrates, 27% 
from fat, and 15% from protein): a HPD (replacing 10% of total CH intake with protein, resulting in 25% of daily 
calories from protein, primarily plant-based); an unsaturated-fat diet (replacing 10% of total CH intake with unsaturated 
fats, leading to 37% of daily calories from fat, primarily sourced from seeds, olive oil, canola oil, safflower oil, and nuts). 
The study found no significant impact of the high-protein or high-CH diets on insulin sensitivity, whereas the 
unsaturated-fat diet improved insulin sensitivity. This suggests that replacing CHs with unsaturated fats, as seen in Medi- 
Diet patterns, may be a potent approach to enhance insulin sensitivity. The health benefits of HPDs are attributed to their 
ability to increase satiety, reducing subsequent energy intake.241 Additionally, intake of a HPD helps preserve muscle 
mass during restrictive dietary intake aimed at weight loss.242 Protein sources such as meat and related products have 
been linked to an elevated risk of CVD, T2DM, and MetS development.243 Consequently, dietary guidelines advocate for 
utilizing plant-based protein sources, including legumes, soy, beans, seeds and nuts, as healthier alternatives to meat and 
processed meat products.244

Collectively, dietary strategies such as the Mediterranean, DASH, and plant-based diets demonstrate consistent 
benefits in improving metabolic markers, often in parallel with favorable shifts in gut microbiota. Yet, results differ by 
population, adherence, and diet composition, and not all interventions translate into sustained microbiome changes. 
Importantly, many findings come from short-term or observational studies, underscoring the need for long-term, 
controlled trials that link dietary modulation of the microbiome to durable clinical outcomes.

Critical Evaluation of Current Evidences
While the preceding sections detail the association between gut microbiota (GM) dysbiosis and Metabolic Syndrome 
(MetS), the critical question is how dietary interventions can modulate this relationship. A mere listing of studies, 
however, is insufficient. A rigorous synthesis reveals that the efficacy of dietary strategies is not equal and is 
fundamentally linked to their capacity to restore a healthy GM and its functional output.

The most compelling evidence supports holistic dietary patterns over approaches focused on isolated macronutrient 
restriction. The Mediterranean and DASH diets consistently demonstrate superior, sustainable benefits across MetS 
components. Their effectiveness is likely rooted in their high content of fermentable fibers and polyphenols, which serve 
as substrates for commensal bacteria, stimulating the production of beneficial metabolites like short-chain fatty acids 
(SCFAs). These SCFAs, particularly butyrate, are not merely end-products but critical signaling molecules that enhance 
gut barrier integrity, reduce systemic inflammation, and improve insulin sensitivity. In contrast, macronutrient- 
manipulative diets like strict Low-Fat or Ketogenic diets show inconsistent results. While ketogenic diets may induce 
rapid weight loss, their severe carbohydrate restriction may paradoxically starve key SCFA-producing bacteria, poten
tially undermining long-term GM health and metabolic resilience. The failure of many low-fat diets to significantly 
improve MetS outcomes highlights that the type of fat—with a priority on unsaturated fats as in the Mediterranean diet— 
is more critical than its quantity alone.

Furthermore, the concept of “crosstalk” necessitates a critical evaluation of food quality and personalization. The 
benefits of a Plant-Based Diet are contingent on the consumption of nutrient-dense, minimally processed plant foods; 
a diet high in refined carbohydrates and plant-based ultra-processed foods will not confer the same GM and metabolic 
advantages. Emerging evidence from trials like PREDICT suggests that inter-individual variation in GM composition (eg, 
high Prevotella vs Bacteroides) determines responses to specific dietary fibers and fats. This challenges the one-size-fits- 
all model and positions the GM as a key biomarker for personalizing nutritional therapy. Therefore, future research must 
pivot from describing dietary outcomes to delineating the causal mechanisms by which these diets reshape the GM. 
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Integrating multi-omics data from well-controlled dietary interventions is essential to move beyond association and 
toward a mechanistic, personalized prescription for MetS management through the gut microbiome.

Gut Microbiota Modulation as Therapeutic Approach for Metabolic 
Syndrome
The GM has emerged as a key target for live bacterial cell-based therapies in managing chronic diseases, including 
MetS.245 These therapies aim to establish healthy gut conditions by restoring bacterial balance and enhancing beneficial 
metabolic activities. Some of the primary therapeutic interventions used for modulating GM composition are discussed 
below.

Probiotics
Probiotics include live microorganisms, typically bacteria or fungi, that benefit the host’s health when taken in 
recommended quantities.246 Fermented foods contain probiotic microorganisms, which have long been a part of 
human diets. However, Western-style diets, which are frequently linked to the current obesity crisis, no longer include 
them as much.247 Meta-analyses have demonstrated that probiotic supplementation effectively improves key character
istics of T2DM, including pre-prandial plasma glucose levels, HbA1c, insulin concentration, and insulin resistance.248,249 

Additionally, probiotics have been shown to enhance lipid profile parameters.250 Probiotic interventions have also been 
linked with modest improvements in BMI, body weight, and body fat percentage in individuals who are overweight or 
obese.251,252 Consequently, probiotics may hold potential as an adjunctive strategy for managing MetS, and related 
factors including diabetes and obesity. However, the existing data are inconsistent due to variability in study designs, 
probiotic formulations, intervention durations, and measured outcomes, making it difficult to reach definitive conclu
sions. Additionally, the underlying mechanisms responsible for the observed effects, as well as the role of the micro
biome and its modulation, remain poorly understood. Probiotics have been evaluated in both single-strain and multi- 
strain or multi-species formulations, and in some cases, combined with a prebiotic component to form a symbiotic.32

A number of studies demonstrated the therapeutic impact of single and multi-strain probiotics in MetS. A single-strain 
formulation containing Lactobacillus reuteri V3401 demonstrated reductions in sVCAM, IL-6, and insulin levels in 
patients newly diagnosed with MetS following 12 weeks of consumption. Additionally, it increased the prevalence of 
Akkermansia muciniphila/Verrucomicrobia.253 In treatment-naive patients with T2DM, Lactobacillus reuteri ADR-1 
reduced HbA1c, while heat-killed L. reuteri ADR-3 lowered mean arterial pressure, and IL-1β levels, and raised the 
Bifidobacteria abundance. Both interventions enriched the gut microbiome with the administered probiotic strain, but no 
additional effects on the overall microbiome composition were observed.254 Moreover, in a 12-week intervention 
involving obese adults, Lactobacillus plantarum K50, a probiotic strain obtained from kimchi, significantly reduced 
total cholesterol and TG levels but did not affect body composition or body weight. The intervention enhanced the 
abundance of L. plantarum, the genus Enterococcus hirae and Enterococcus, a bacterium with potential health 
benefits,255 while decreasing the abundance of Actinobacteria.256 In prediabetic adults, Lactobacillus plantarum 
HAC01 decreased 2-hour postprandial glucose (2h-PPG) and HbA1c levels without altering the GM. In contrast, 
L. plantarum Dad-13 decreased BMI and body weight in obese individuals while modulating the microbiome by 
decreasing the abundance of Firmicutes and increasing Bacteroidetes.

Regarding multi-strain/multi-species probiotics, a combination of Lactobacillus rhamnosus HN001 and 
Bifidobacterium longum BB536, when paired with a Medi-Diet, resulted in reduced waist-to-hip ratio, waist circumfer
ence and insulin levels, in obese female breast cancer survivors. Additionally, it increased alpha diversity and the 
abundance of L-Ruminococcus, and Eubacterium, while decreasing the levels of Butyricicoccus and Bacteroides in the 
microbiome, compared to the Medi-Diet alone.257 The combination of two Bifidobacterium breve strains (B632 and 
BR03) led to reductions in waist circumference, BMI standard deviation score, pre-meal insulin, and ALT levels in obese 
children and adolescents participating in a weight loss program. However, the changes observed in the microbiome were 
comparable to those in the placebo group.258
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Prebiotics
Prebiotics, are characterized as substrates which are utilized selectively by host microorganisms to confer a health 
benefit.259 Their beneficial physiological effects were first recognized over two decades ago, however, recently interest in 
prebiotics has increased significantly.260 The most well-known prebiotics today include inulin, fructo-oligosaccharides, 
oligofructose, galacto-oligosaccharides, and resistant starch, all of which for example, have been reported to stimulate the 
growth of Lactobacilli and Bifidobacteria261. Given that individuals with excess weight typically exhibit a reduced 
bacterial diversity in their gut microbiome, particularly a decrease in Bifidobacteria abundance, the use of prebiotics to 
restore the gut microbiome’s balance and function has been proposed as a promising therapeutic approach.262 Resistant 
starches, inulin, and fructo-oligosaccharide-enriched inulin may provide beneficial effects on limiting the components of 
MetS.262 Supplementation with trans-galactooligosaccharides (GOS) has been shown to improve insulin and lipid 
metabolism, increase Bifidobacteria abundance, and decrease the levels of Gram-negative bacteria such as 
Desulfovibrio spp., Bacteroides spp., and the Clostridium histolyticum group.263 Alpha-GOS resulted in a dose- 
dependent reduction in food intake and appetite.264 GOS supplementation specifically raised the number of 
Bifidobacterium species, but it had no discernible effect on pre-diabetic patients’ energy and substrate metabolism or 
peripheral insulin sensitivity.265 Notably, supplementation with inulin-type fructans resulted in a slight reduction in fat 
mass, but did not affect lipid levels glucose homeostasis and BMI.266 Additionally, inulin had a positive impact on the 
GM composition.267 Supplementation with resistant starch type 4 (RS4) positively influenced lipid metabolism, likely 
through the modulation of bile acid metabolism and changes in composition of GM, but did not affect glucose 
metabolism.268,269 The inclusion of polyphenolic food components enhanced the prevalence of butyrate-producing gut 
bacteria and altered the microbiome composition; however, these effects were influenced mostly by the concurrent 
medication of the patients.270,271 Overall, prebiotics appear to alter the composition of the gut microbiome, but their 
effects on markers of body weight and MetS are infrequent. The factors that may influence their effectiveness such as 
timing, dosage, duration of treatment, the type of intervention, and potential combinations with other established 
interventions remain unclear. A 2023 meta-regression of randomized clinical trials confirmed that microbiome- 
modulating therapies modestly improve fasting glucose and insulin, though results for HbA1c and insulin resistance 
remain inconsistent.272

Fecal Microbiota Transplantation
Fecal microbiota transplantation (FMT), which involves transferring fecal matter from one human to another to enhance 
or restore the gut microbiome composition and treat a disease, has garnered significant interest both in the scientific 
community and among the general public. The first evidence of FMT effectiveness in MetS was reported in 2012. A pilot 
clinical trial conducted in the Netherlands revealed that insulin resistance was reduced in nine male subjects with MetS, 
who received FMT from a lean donor, while no changes were reported in the nine control participants who underwent 
autologous FMT.273 Following the initial proof-of-concept trials, several clinical investigations have been carried out to 
assess the potential of FMT in improving metabolism and reducing weight in conditions such as obesity, diabetes, non- 
alcoholic fatty liver disease, and MetS. However, in randomized, placebo-controlled trials, results regarding improve
ments in metabolic parameters have been inconsistent. While most studies observed alterations in microbiome composi
tion, prominent effects on clinically significant outcomes, such as insulin resistance or body weight remain lacking. 
Despite FMT’s exceptional capacity to transmit the entire GM and its byproducts from healthy, lean donors to recipients, 
opportunistic pathogenic microorganisms may be introduced due to inadequate donor screening and fecal material 
analysis, potentially exacerbating dysbiosis in obese recipients and leading to serious side effects, such as vomiting 
and sepsis. These safety issues raise questions about the use of FMT.274,275 Despite its promising therapeutic effect, 
recent clinical studies have reported that FMT does not produce significant changes in metabolic profiles or induce 
weight loss.98,276 These contradicting results highlight the need for further research. Beyond diet and microbial therapies, 
a 2025 meta-analysis demonstrated that structured exercise interventions significantly increased microbiota diversity in 
individuals with obesity and T2DM, suggesting synergistic benefits when combined with dietary approaches.277
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In summary, probiotics, prebiotics, and FMT show promise for modulating gut microbiota in metabolic syndrome, but 
clinical results remain inconsistent. Variability in strains, formulations, and study design limits comparability, and 
mechanistic understanding is still incomplete. Current evidence supports adjunctive use rather than stand-alone therapy, 
and more rigorously designed trials are required to confirm efficacy and safety.

Critical Evaluation of Current Evidence
The exploration of direct microbiome modulation as a therapeutic strategy for MetS is a logical progression from dietary 
insights, yet the evidence demands a critical and nuanced interpretation. While the potential of probiotics, prebiotics, and 
fecal microbiota transplantation (FMT) is considerable, the field is currently characterized by promising yet inconsistent 
results, underscoring a transition from proof-of-concept to a need for precision.

Probiotic interventions demonstrate that specific microbial strains can impart targeted metabolic benefits, such as 
improvements in glycemic control or lipid profiles. However, a critical synthesis reveals that these effects are often 
strain-specific, dose-dependent, and transient, with minimal long-term impact on the overall ecosystem of the native gut 
microbiota. The common failure of administered probiotics to durably colonize the gut suggests their mode of action may 
be more pharmacological than ecological, exerting effects through direct interaction with host immunity or the gut 
epithelium rather than through permanent restructuring of the microbial community. Similarly, prebiotics, by providing 
selective substrates, can enrich beneficial native taxa like Bifidobacterium and Lactobacillus. Yet, the clinical translation 
of these shifts into robust, reproducible improvements in MetS components remains inconsistent. The variable outcomes 
highlight a fundamental challenge: the individualized nature of the baseline gut microbiome, which dictates whether 
a given prebiotic will find the necessary bacterial strains to utilize it effectively, leading to the desired metabolic outcome.

FMT represents the most ambitious approach, attempting to reset the entire microbial community. The initial, 
dramatic results in insulin-sensitive subjects receiving lean donor FMT generated warranted excitement. However, 
subsequent randomized controlled trials have largely failed to replicate significant, sustained metabolic improvements, 
particularly regarding body weight. This discrepancy critically exposes our limited understanding of the complex ecology 
involved. Simply transferring a “healthy” microbiome may be insufficient if the host’s diet, genetics, and immune system 
do not support the engraftment and function of the keystone taxa. Furthermore, the safety concerns and logistical hurdles 
of FMT render it an impractical broad-scale solution for MetS. The collective evidence suggests that future therapies 
must move beyond broad-stroke.

Conflicting Evidence and Variability Across Studies
Despite the accumulating evidence linking gut microbiota dysbiosis to MetS, findings across studies are not always 
consistent. Variability in microbial signatures has been observed across populations, with some cohorts reporting 
phylum-level shifts (eg, Firmicutes-to-Bacteroidetes ratio) while others fail to replicate these associations. Such dis
crepancies likely stem from geographic and ethnic differences, dietary exposures, host genetic background, and variation 
in sequencing platforms and bioinformatics pipelines. These inconsistencies highlight the challenges in defining universal 
microbial biomarkers for MetS and underscore the need for harmonized protocols, standardized reference databases, and 
multi-cohort longitudinal studies. Acknowledging such heterogeneity is crucial for translating microbiome discoveries 
into clinically meaningful interventions.

Conclusion and Future Perspectives
Metabolic syndrome (MetS) and its associated comorbidities represent a substantial global health and economic burden. 
Accumulating evidence underscores a critical role of gut microbiota (GM) dysbiosis in the onset and progression of MetS 
and its key components, including type 2 diabetes mellitus (T2DM), obesity, and cardiovascular diseases (CVDs). 
Mechanistically, the gut microbiome contributes to MetS pathophysiology through modulation of lipid metabolism, 
chronic low-grade inflammation, host nutrient absorption, and the production of bioactive microbial metabolites. Notably, 
dietary patterns are major modulators of GM composition and function. Comparative studies indicate that the 
Mediterranean diet (Medi-Diet) represents a well-supported dietary strategy for the prevention and management of MetS.
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Therapeutic manipulation of the GM—including probiotics, prebiotics, and fecal microbiota transplantation (FMT)— 
emerges as a promising avenue for targeted interventions. However, these approaches remain in the experimental stage, 
and robust clinical validation is required before integration into standard care. The complexity and functional breadth of 
the intestinal microbiome are only partially understood, and current insights have yet to be fully translated into evidence- 
based clinical applications.

Current literature highlights that the field of GM–metabolism interactions remains nascent, both at the mechanistic 
and translational levels. Key knowledge gaps persist, including the characterization of numerous unannotated metabolites 
and peptides in various biofluids, and the differentiation of host-, diet-, or microbiota-derived compounds. Most studies 
provide static “snapshots” of microbiome composition, offering limited insight into temporal dynamics and the long-term 
stability of microbial communities. Furthermore, translational utility is constrained by the lack of animal models that 
accurately recapitulate human genetic susceptibilities.

Bridging these gaps will require integrative approaches combining longitudinal multi-omics analyses with bio-clinical 
variables to define causal mechanisms. In particular, elucidating specific microbiome-driven pathogenic pathways in 
MetS could enable the rational design of precision microbiome-targeted therapies. Overall, advancing our understanding 
of GM–host interactions holds transformative potential for metabolic disease prevention and treatment, but achieving 
clinical translation demands rigorous, mechanistically informed research.
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