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Abstract
The human microbiome functions as a distributed superorganism that exerts profound systemic control over vascular 
homeostasis. Here, we systematically synthesize how microbial communities across five distinct anatomical 
niches—the gut, oral cavity, respiratory tract, skin, and reproductive tract—orchestrate vascular health and disease. 
While convergent pathways, such as pattern recognition receptor-mediated systemic inflammation, operate across 
niches, each compartment deploys specialized mechanisms, including gut-derived metabolic signaling, hematoge-
nous dissemination of periodontal pathobionts, and niche-specific mucosal barrier crosstalk. We critically evaluate 
the mechanistic contributions of these inter-ecosystem networks to the pathogenesis of atherosclerosis, hypertension, 
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Re-evaluating the dialogue between microbi-
ome and cardiovascular system

Multifactorial nature of vascular diseases and 
the central role of chronic inflammation

Cardiovascular diseases (CVDs) are characterized by 
their profoundly multifactorial pathogenesis. While 
traditional risk factor management focusing on blood 
lipids and pressure has made progress, its predictive 
and explanatory power for residual cardiovascular risk 
remains limited[1]. Extensive research has demonstrated 
that chronic low-grade inflammation is a core patho-
logical mechanism driving the initiation, progression, 
and acute complications of atherosclerosis, forming a 
“common pathway” linking various risk factors to ulti-
mate clinical events[2]. This “inflammation hypothesis” 
has evolved from a fundamental theory into a diagnostic 
and therapeutic paradigm supported by robust clinical 
evidence.

•	 Prognostic and guiding value of inflammatory 
markers: Systemic inflammatory biomarkers, 
epitomized by high-sensitivity C-reactive pro-
tein (hsCRP), have been confirmed as strong 
independent predictors of cardiovascular events, 
irrespective of traditional risk factors. Deeper 
investigations reveal that even in patients under-
going intensive statin therapy with controlled low- 
density lipoprotein cholesterol (LDL-C) lev-
els, the presence of residual inflammatory risk 
(defined as hsCRP ≥ 2 mg/L) is still associated 
with a significantly elevated risk of adverse 
events[3]. This highlights a potential avenue for 
targeted anti-inflammatory treatments beyond 
lipid management.

•	 Deepened understanding of underlying mecha-
nisms: Modern research has elucidated the decisive  
roles of both innate and adaptive immune systems 

in the formation and destabilization of athero-
sclerotic plaques[4]. For instance, immune cells 
within the arterial wall, via signaling hubs like 
the nucleotide-binding oligomerization domain 
(NOD)-like receptor family pyrin domain con-
taining 3 (NLRP3) inflammasome, continuously 
produce key pro-inflammatory cytokines such as 
interleukin-1β (IL-1β) and IL-6. These factors not 
only exacerbate local inflammation and plaque 
progression but also stimulate hepatocytes to pro-
duce CRP, establishing a systemic inflammatory 
loop[2].

•	 Landmark clinical intervention evidence: 
Clinical trials directly targeting inflammatory 
pathways have provided definitive validation for 
the “inflammation hypothesis.” The CANTOS 
trial was the first to demonstrate that anti-inflam-
matory treatment using a specific IL-1β-targeting 
monoclonal antibody (canakinumab) significantly 
reduced the risk of recurrent cardiovascular 
events in patients with a history of myocardial 
infarction and persistently elevated hsCRP, with 
this benefit being independent of changes in 
lipid levels[5]. Subsequent analyses further indi-
cated a direct correlation between the degree of 
clinical benefit and the reduction in hsCRP, not  
LDL-C[6]. The COLCOT and LoDoCo2 trials 
further showed that low-cost oral anti-inflam-
matory drug colchicine (primarily inhibiting 
NLRP3 inflammasome activation) also conferred 
significant cardiovascular benefits in patients 
post-myocardial infarction or with chronic coronary 
artery disease[7]. Importantly, the CIRT trial (using 
broad immunosuppression with methotrexate) 
failed to show cardiovascular benefits, under-
scoring the importance of specifically targeting 
atherosclerosis-relevant inflammatory pathways 
(such as the IL-1β/IL-6 axis) rather than general  
immunosuppression[8].

and vascular inflammation, highlighting robust microbial signatures as emerging diagnostic biomarkers and risk 
predictors. Finally, we delineate precision therapeutic paradigms that target niche-specific dysbiosis—ranging from 
targeted microbiome modulation and periodontal interventions to systemic anti-inflammatory frameworks—and 
outline multi-omics-driven roadmaps to translate microbiome-vascular science into clinical cardiovascular medicine.
Keywords: Microbiome; Cardiovascular diseases; Atherosclerosis; Metabolic diseases; Inflammation; Periodontitis
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Therefore, chronic inflammation has been firmly 
established as a critical, treatable target in CVD. This 
paradigm shift provides an essential theoretical frame-
work and clinical link for understanding emerging 
mechanisms beyond traditional risk factors, such as how 
microbiome dysbiosis acts as a continuous stimulus for 
chronic inflammation.

The human microbiome: a multi-niche  
“signaling network”

The human microbiome is far from a homogeneous 
entity; instead, it represents a highly spatially organized, 
multi-niche “signaling network” that forms a crucial 
interface between the host and its external environ-
ment[9]. Traditional research has long focused on the 
gut microbiota, leading to a “gut-centric” perspective. 
However, advancements in high-throughput sequencing 
technologies have revealed that every mucosal and 
epithelial surface of the human body—from the oral 
cavity, upper respiratory tract, and lungs to the skin and 
reproductive tract—is colonized by distinct microbial 
communities tightly coupled to local physiological func-
tions[10]. This spatial heterogeneity is not random but is 
shaped by the unique physicochemical conditions (e.g., 
pH, oxygen content, and humidity), nutrient availability, 
host immune tolerance mechanisms, and inter-microbial 
interactions within each niche, forming a complex eco-
logical-immune-metabolic microenvironment[11].

For instance, the gut, a nutrient-rich and strictly anaer-
obic environment, harbors a microbiome whose core 
functions are to metabolize dietary components and 
regulate systemic immunity[12]. The oral cavity, an open, 
aerobic, and constantly flushed habitat, is characterized 
by its microbiota forming multi-species biofilms and 
participating in local immune balance[13]. The lower 
respiratory tract, once considered sterile, is now known 
to host a low-biomass but dynamic microbiota that 
interacts with the mucosal immune system to main-
tain lung homeostasis and defense[14]. Skin microbiota 
exhibit differential distribution across dry, moist, and 
sebaceous regions, acting as a primary barrier against 
pathogen invasion[15]. The female vagina, predominantly 
colonized by Lactobacillus species, maintains an acidic 
environment through lactic acid production, crucial for 
reproductive health[16].

These microbial communities, distributed across 
different ecological niches, do not operate in isolation. 
Instead, they form an interconnected network through the 
cross-site migration of microbes and their products (e.g., 
daily swallowing of oral bacteria) and through shared 
systemic host responses (e.g., immune activation)[17]. 
Therefore, understanding the impact of the microbiome 
on host health (including vascular health) necessitates 
moving beyond a single niche to adopt a holistic, multi-
site, and multi-level “signaling network” perspective.

Evolution of the “microbiome-vascular axis”: 
from gut to systemic network

The conceptual evolution of the “microbiome-vascular 
axis” clearly mirrors the deepening understanding within 
microbiome science itself. Its origin can be traced to the 
focus on the metabolic functions of the gut microbiota. 
Represented by trimethylamine N-oxide (TMAO), 
research discovered that gut microbiota metabolism 
of dietary choline produces trimethylamine (TMA), 
which is then converted to TMAO in the liver, directly 
promoting atherosclerosis[18]. This finding gave rise to 
the gut-centric “gut-heart axis” paradigm, positioning 
the gut as the primary microbial signal source affecting 
cardiovascular health[19].

However, this single-axis model struggled to integrate 
the robust epidemiological evidence accumulated over 
decades from other ecological niches. The most signif-
icant challenge came from the oral cavity. Decades of 
research confirmed that periodontitis is an independent 
risk factor for CVDs, with an effect size comparable 
to many traditional risk factors[20]. Mechanistic studies 
revealed that periodontal pathogens can directly invade 
the bloodstream and colonize the vascular wall, caus-
ing damage by triggering local inflammation[21]. This 
“oral-vascular” pathway operates independently of 
gut metabolism, suggesting that the routes by which 
microbes influence the vasculature are niche-specific. 
Similarly, research on the skin microbiome found that 
dysbiosis accompanying chronic inflammatory skin 
diseases like psoriasis is one of the drivers of the inde-
pendent increase in cardiovascular risk in patients[22]. 
Collectively, these findings indicate that attributing 
the microbiome’s influence on the vasculature solely 
to the gut is incomplete; the cardiovascular system is 



4

Vascular ResearchVascular Research

exposed to a complex, multi-source microbial signaling  
environment.

In recent years, with the advancement of projects like  
the Human Microbiome Project (HMP) and the devel-
opment of spatial multi-omics technologies, a more 
systemic and integrated “multi-niche microbial net-
work-vascular” paradigm is emerging[23]. This paradigm 
posits: First, microbial communities in different niches 
(gut, oral cavity, skin, respiratory tract, and reproductive 
tract), owing to their unique ecological-immune-met-
abolic microenvironments, have evolved specialized 
functions that influence host physiology (e.g., the gut 
excels at producing systemic metabolites; the oral cav-
ity excels at direct pathogen invasion)[24]. Second, these 
dispersed signals do not act in isolation but produce syn-
ergistic, additive, or antagonistic effects through shared 
downstream pathways (e.g., common activation of 
systemic low-grade inflammation, innate immune recep-
tors), forming a dynamic signaling network[25]. Third, 
interactions also exist between microbial communities 
of various niches (e.g., oral microbiota influencing the 
gut through swallowing), providing internal connectiv-
ity to this network[26]. The core argument of this review 
is that vascular health and disease states are not deter-
mined by a single “axis” but are holistically regulated 
by a spatially distributed, functionally specialized, and 
internally interconnected systemic microbial signaling 
system. Understanding the structure, dynamics, and 
output of this network is crucial for fully elucidating the 
role of microbes in cardiovascular pathophysiology and 
for developing precise niche-targeted or system-wide 
regulatory strategies[27].

Therefore, we will first elaborate on systemic innate 
immune activation triggered by pathogen-associated 
molecular patterns (PAMPs) as a common bridge con-
necting all ecological niches[28]. Building on this, we 
will delve into the niche-specific mechanisms of the gut 
(metabolites and immune programming), oral cavity 
(direct pathogen invasion), skin (barrier disruption and 
local inflammation), and other niches like the lungs and 
vagina[29]. This section will provide a mechanistic basis 
for understanding the “multi-source” and “heterogene-
ous” nature of microbial signals. Next, we will integrate 
these mechanisms to illustrate their synergistic and 
interactive roles in major vascular diseases. The focus 

will be on constructing an integrated model, using ather-
osclerosis and hypertension as examples, to explain how 
microbial signals from different niches (e.g., gut-derived 
TMAO, oral pathogens, and skin-derived inflamma-
tory factors) orchestrate a “multi-pronged attack” that, 
through additive or synergistic effects, collectively 
drives disease initiation and progression[30]. Researchers 
can leverage emerging multi-omics research paradigms 
in this section to understand disease pathology at a 
network level[24]. Finally, we will discuss potential 
therapeutic strategies based on niche specificity (e.g., 
probiotics, periodontal therapy) or overall network reg-
ulation (e.g., dietary interventions)[31]. Simultaneously, 
we will highlight critical bottlenecks in current research 
regarding establishing causality, understanding dynamic 
inter-niche interactions, and developing precise inter-
vention tools[23,26]. The core objective of this review is 
to propel the field from descriptive phenomenology and 
single-mechanism studies toward establishing predicta-
ble and intervenable systemic network models, thereby 
laying a solid theoretical foundation for developing 
next-generation microbiome-based cardiovascular dis-
ease prevention and treatment strategies[27].

Multi-niche microbial modulation of vascular 
function

Common foundation: microbe-associated mo-
lecular patterns and innate immune activation

Despite the vast differences in composition and local  
function among microbial communities from various 
niches, a common cornerstone underpins their influence 
on the distant vascular system: microbe-associated 
molecular patterns (MAMPs), such as lipopolysaccharide 
(LPS), lipoteichoic acid, flagellin, and peptidoglycans, 
act as “danger signals” by activating the host’s innate 
immune system, leading to systemic low-grade inflam-
mation and endothelial dysfunction[32]. This process 
constitutes the “ultimate common pathway” by which 
multi-niche microbes affect vascular health. In healthy 
states, tight epithelial barriers confine the vast microbial 
populations on mucosal and skin surfaces to local envi-
ronments. However, various factors (e.g., diet, stress, 
infection, and disease itself) can compromise niche- 
specific barrier integrity[33]. In the gut, this manifests as 
“leaky gut,” where intercellular junctions of intestinal 
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epithelial cells widen, allowing bacterial products like 
LPS to translocate into the portal circulation[34]. In the 
oral cavity, periodontitis-induced ulceration and bleed-
ing of the periodontal epithelium provide a direct conduit 
for PAMPs and viable bacteria from dental plaque to 
enter the bloodstream[34]. Even disruption of the skin 
barrier can lead to systemic exposure to local microbial 
products[35]. These circulating PAMPs, particularly LPS, 
are found at elevated plasma levels in patients with met-
abolic and CVDs, correlating with disease severity[36].

Circulating PAMPs are primarily recognized by pattern 
recognition receptors (PRRs) on two cell types: vas-
cular endothelial cells and innate immune cells (e.g., 
monocytes, macrophages). Among these, the Toll-like 
receptor (TLR) and NOD-like receptor (NLR) families 
are critical[37].

•	 Central role of the TLR4/NF-κB pathway: LPS  
from Gram-negative bacteria is the most exten-
sively studied ligand. It first binds to plasma 
LPS-binding protein (LBP), then is transported 
to cluster of differentiation 14 (CD14) on the 
surface of monocytes/macrophages or endothelial 
cells, ultimately activating the TLR4 receptor 
complex[38]. TLR4 activation triggers the myeloid 
differentiation factor 88 (MyD88)-dependent 
signaling pathway, leading to the activation of 
the IκB kinase (IKK) complex, which then phos-
phorylates and degrades IκB proteins, releasing 
nuclear factor-κB (NF-κB)[39]. Activated NF-κB 
translocates into the nucleus, initiating the tran-
scription of numerous pro-inflammatory genes, 
including tumor necrosis factor-α (TNF-α), 
IL-1β, IL-6, and adhesion molecules on endothe-
lial cells (e.g., vascular cell adhesion molecule-1 
[VCAM-1], intercellular cell adhesion molecule-1 
[ICAM-1])[40]. These adhesion molecules promote 
monocyte recruitment to the vascular wall, an 
initial step in atherosclerosis.

•	 NLRP3 inflammasome activation and IL-1β 
maturation: Beyond transcriptional regulation, 
PAMPs (such as LPS) can provide a “priming 
signal” (Signal 1), synergizing with a “second 
signal” from cellular damage or metabolic stress 
(e.g., reactive oxygen species [ROS], extracel-
lular adenosine triphosphate [ATP]), to activate 

the cytoplasmic NLRP3 inflammasome[41]. Acti-
vated NLRP3 inflammasome recruits and 
activates caspase-1, which cleaves pro-IL-1β and 
pro-IL-18 into their mature, biologically active 
forms[42]. IL-1β is an extremely potent pro-in-
flammatory cytokine that further amplifies local 
and systemic inflammatory responses. Notably, 
periodontal pathogens from the oral cavity (e.g., 
Porphyromonas gingivalis [P. gingivalis]) are 
potent activators of the NLRP3 inflammasome[43]. 
Activated endothelial cells not only express adhe-
sion molecules but also experience a reduction in 
nitric oxide (NO) bioavailability due to increased 
oxidative stress, while releasing vasoconstrictive 
substances like endothelin-1, leading to dys-
function of endothelial-dependent vasodilation, 
an early marker of atherosclerosis and hyper-
tension[44]. Furthermore, continuous exposure to 
PAMPs can induce endothelial cell senescence 
and apoptosis[45].

•	 cGAS–STING signaling and macrophage 
polarization as an integrative immune axis: 
Beyond TLR4/NF-κB and NLRP3 pathways, 
the cyclic GMP–AMP synthase (cGAS)–stim-
ulator of interferon genes (STING) pathway 
has emerged as an important innate immune 
mechanism linking microbial DNA exposure to 
macrophage-mediated vascular inflammation. 
As an additional pattern recognition pathway, 
cGAS–STING expands the repertoire of PAMP 
sensing beyond membrane and endosomal 
receptors by detecting aberrant cytosolic DNA 
signals. This pathway may therefore serve as 
a critical molecular bridge between microbial 
translocation, intracellular danger sensing, and 
chronic vascular immune activation[46]. Cytosolic 
DNA derived from translocated bacteria or bac-
terial extracellular vesicles is sensed by cGAS, 
leading to cyclic GMP–AMP (cGAMP) produc-
tion and subsequent STING activation, which  
triggers TANK-binding kinase 1 (TBK1)–inter-
feron regulatory factor 3 (IRF3) signaling and the 
expression of type I interferons and inflammatory 
mediators[47,48]. Increasing evidence indicates that 
cGAS–STING signaling regulates macrophage 
activation and polarization, influencing the 
balance between pro-inflammatory M1-like and 



6

Vascular ResearchVascular Research

tissue-reparative M2-like phenotypes[49]. Dysreg-
ulated STING activation may promote persistent 
inflammatory macrophage responses, oxidative 
stress, and vascular injury, whereas appropriate 
macrophage polarization contributes to immune 
resolution and tissue homeostasis[50]. Therefore, 
microbial signals from different niches may 
regulate vascular inflammation not only through 
direct endothelial activation but also by reshaping 
macrophage functional states, highlighting mac-
rophage polarization as an important integrative 
node connecting microbial exposure with vascu-
lar pathology.

Thus, regardless of whether PAMPs originate from the 
gut, oral cavity, or other ecological niches, once they 
enter the circulation, they converge on the same highly 
conserved host innate immune recognition and response 
system[51]. Through TLRs and NLRs, these microbial 
signals transform vascular endothelial cells and cir-
culating immune cells into a pro-inflammatory state, 
driving chronic low-grade inflammation, endothelial 
dysfunction, and atherosclerotic lesions[52]. This pathway 
explains why seemingly unrelated local microbial dys-
biosis (e.g., periodontitis, irritable bowel syndrome, and 
skin diseases) is associated with an increased systemic 

cardiovascular risk[53]. The cardiovascular benefits 
observed in clinical trials targeting this pathway (e.g., 
anti-IL-1β treatment) also therapeutically validate its 
central role as a “common pathway”[5]. Understanding 
this foundational mechanism is a prerequisite for dis-
secting the niche-specific contributions (Figure 1).

In a healthy state, diverse local microbiotas at various 
mucosal and epithelial interfaces promote physiological 
homeostasis. Mechanisms include the production of 
beneficial metabolites (e.g., SCFAs and indoles), main-
tenance of an intact physical barrier, balanced immune 
responses, colonization resistance, immune education, 
and the induction of anti-inflammatory cytokines (such 
as IL-10 and TGF-β) via Treg/Th17 cell balance, lead-
ing to systemic tolerance and homeostasis. Conversely, 
dysbiosis or pathogen dominance across these same 
body sites drives pathology. This is characterized by the 
production of harmful metabolites (e.g., TMAO), barrier 
disruption, imbalanced immune responses, pathogen 
overgrowth (e.g., P. gingivalis, S. aureus, and Malassezia),  
overactivation of inflammatory pathways (e.g., IL-23/
Th17 pathway, hyperinflammation), and elevated 
pro-inflammatory cytokines (IL-17, IL-22), ultimately 
culminating in systemic inflammation, vascular damage, 
and vascular remodeling.

Figure 1: Multi-niche microbial modulation of vascular function.
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Niche-specific mechanisms I: gut—the “cen-
tral processor” of metabolism and immunity

Metabolite-mediated remote regulation

•	 TMAO: the “accelerator” of atherosclerosis 
and thrombosis. Choline, carnitine, and other 
nutrients are metabolized by gut microbiota (e.g., 
enzymes encoded by the cutC/D gene cluster) to 
produce TMA, which is then converted to TMAO 
by hepatic flavin-containing monooxygenases[54]. 
TMAO is not merely a risk marker but a directly 
pathogenic effector molecule. Its mechanisms 
include: (a) Promoting foam cell formation: TMAO 
upregulates the expression of macrophage scaven-
ger receptors (e.g., CD36 and SR-A1), enhancing 
the uptake of oxidized low-density lipoprotein[55]. 
(b) Interfering with reverse cholesterol transport: 
It inhibits bile acid synthesis and reduces hepatic 
cholesterol 7α-hydroxylase (CYP7A1) activity, 
thereby decreasing cholesterol conversion to 
bile acids and their excretion[56]. (c) Enhancing 
platelet reactivity: TMAO increases intracellular 
calcium ion concentration, promoting platelet 
activation and aggregation, thus increasing the 
risk of thrombosis[57]. (d) Inducing endothelial 
dysfunction: It promotes ROS production and 
inflammatory cytokine expression in endothelial 
cells[58]. Furthermore, TMAO has been reported to 
induce endoplasmic reticulum (ER) stress in vas-
cular cells by activating unfolded protein response 
(UPR) pathways, including protein kinase R-like 
endoplasmic reticulum kinase (PERK)/C/EBP 
homologous protein (CHOP) and inositol-requiring  
enzyme-1α (IRE1α)/X-box binding protein 1  
(XBP1) signaling, which further promotes 
endothelial inflammation, oxidative stress, and 
apoptotic responses. These mechanisms suggest 
that microbiota-derived TMAO may contribute 
to vascular injury not only through metabolic 
dysregulation but also by triggering maladaptive 
cellular stress responses[59]. Clinical studies have 
shown that plasma TMAO levels are independent 
predictors of cardiovascular events[17].

•	 Short-chain fatty acids (SCFAs): the “guard-
ians” of vascular homeostasis. Anaerobic gut 
bacteria ferment dietary fibers to produce SCFAs, 

primarily acetate, propionate, and butyrate. They 
exert widespread vascular protective effects 
through the following mechanisms: (a) G-protein- 
coupled receptor pathways: Acetate and propi-
onate are ligands for GPR41 and GPR43, while 
butyrate has high affinity for GPR109a. These 
receptors are widely expressed on immune cells, 
intestinal epithelial cells, and vascular cells. 
Activating GPR41/43 can inhibit the NF-κB 
pathway, reduce pro-inflammatory cytokine pro-
duction, and regulate gut hormone secretion (e.g., 
glucagon-like peptide-1 [GLP-1]), indirectly 
improving metabolism[60]. (b) Histone deacetylase 
inhibition: Butyrate is a potent histone deacetylase 
(HDAC) inhibitor. By inhibiting HDAC, it can  
increase histone acetylation, regulate gene 
expression, promote regulatory T cell (Treg) dif-
ferentiation in the gut, and enhance the expression 
of antioxidant and anti-inflammatory genes in 
vascular endothelial cells, improving endothelial 
function[61]. Beyond GPCR-mediated effects and 
epigenetic regulation, SCFAs can also influence 
vascular homeostasis through activation of the 
AMP-activated protein kinase (AMPK)/sirtuin 1 
(SIRT1)/peroxisome proliferator-activated recep-
tor γ coactivator 1α (PGC-1α) signaling axis. This 
pathway promotes mitochondrial biogenesis, 
improves oxidative metabolism, and suppresses 
oxidative stress and inflammatory responses, 
thereby providing an additional mechanism 
through which microbial metabolites contribute 
to endothelial protection and vascular health[62,63]. 
Animal models confirm that SCFAs or prebiotic 
supplementation can lower blood pressure and 
reduce atherosclerosis[64].

•	 Secondary bile acids: “regulatory switches” 
with dual roles. Primary bile acids are modified 
by gut microbial enzymes (e.g., bile salt hydro-
lase, 7α-dehydroxylase) into secondary bile acids, 
such as deoxycholic acid and lithocholic acid. 
They act as both signaling molecules and poten-
tial toxins: (a) Beneficial signaling: Secondary 
bile acids are endogenous ligands for farnesoid 
X receptor (FXR) and G-protein-coupled bile 
acid receptor 1 (TGR5). Activating FXR helps 
maintain glucose and lipid homeostasis and exerts 
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anti-inflammatory effects[65]. Activating TGR5 
can stimulate GLP-1 secretion from intestinal 
L-cells and inhibit macrophage inflammasome 
activation[66]. (b) Potential cytotoxicity: Excess 
hydrophobic secondary bile acids (e.g., deoxy-
cholic acid) can induce oxidative stress, DNA 
damage, and promote apoptosis, potentially 
leading to toxicity in intestinal epithelial and 
liver cells, and may exacerbate systemic inflam-
mation[67]. The composition and proportion of the 
bile acid pool, regulated by the microbiota, are 
key factors influencing cardiovascular metabolic 
health.

•	 Indole derivatives: regulating vascular home-
ostasis via the aryl hydrocarbon receptor 
pathway. Dietary tryptophan is metabolized by gut 
microbiota (e.g., Lactobacillus, Bifidobacterium  
species) to produce a series of indole derivatives, 
including indole-3-propionic acid, indole-3-acetic 
acid, and indole-3-aldehyde. The vascular effects 
of these metabolites are primarily mediated by 
activating the aryl hydrocarbon receptor (AhR)[68]. 
(a) AhR-mediated endothelial protection: AhR 
is expressed in endothelial and smooth muscle 
cells, and its activation upregulates cytochrome 
P450 enzymes, promoting the clearance of 
endogenous toxins and enhancing antioxidant 
defense, thereby maintaining endothelial barrier 
function[69]. (b) Anti-inflammatory and immune 
regulation: AhR signaling plays a critical regu-
latory role in immune cells. Microbiota-derived 
indole derivatives, by activating AhR, can pro-
mote regulatory T cell differentiation and inhibit 
excessive Th17 cell activation, thereby reducing 
systemic inflammation[70]. (c) Association with 
atherosclerosis: Animal models show that sup-
plementing indole-producing probiotics or AhR 
ligands can reduce atherosclerotic plaque bur-
den[71]. Conversely, in renal insufficiency, another 
class of tryptophan metabolites—indoxyl sulfate 
(generated by hepatic sulfation)—accumulates, 
becoming a uremic toxin that significantly 
increases cardiovascular risk by inducing oxida-
tive stress, impairing endothelial function, and 
promoting vascular calcification[72]. This indicates 
that the gut microbiota’s “shunting” of tryptophan 
metabolism (producing protective indoles versus 

toxic indoxyl sulfate) has a decisive impact on 
vascular outcomes.

Systemic immune programming

•	 Regulating Treg/Th17 balance, setting the 
inflammatory tone. Gut microbiota, particularly 
certain members of Clostridium clusters IV and 
XIVa, induce and expand regulatory T cells in 
the colonic lamina propria by producing SCFAs 
(especially butyrate)[73]. Tregs maintain immune 
tolerance to commensal bacteria and suppress 
excessive systemic inflammatory responses by 
secreting inhibitory cytokines such as IL-10 
and TGF-β. Conversely, segmented filamentous 
bacteria can induce Th17 cell differentiation, 
which secrete IL-17 and IL-22, important for 
pathogen defense, but excessive Th17 responses 
drive autoimmunity and inflammatory diseases[74]. 
The gut microbiota directly regulates this critical 
balance through metabolites and antigens, and 
its influence can extend systemically. Gut-
derived Tregs can exert suppressive functions at 
distant inflammatory sites (e.g., atherosclerotic 
plaques)[75], while dysbiosis-induced excessive 
Th17 responses are closely linked to hypertension 
and vascular inflammation[76].

•	 Training innate immunity and myeloid hemato-
poiesis. Gut microbiota and their products can 
influence bone marrow hematopoietic stem and 
progenitor cells, shaping the development and 
functional propensity of myeloid cells. For exam-
ple, microbial signals can “train” macrophage 
precursors in the bone marrow to produce 
stronger inflammatory responses to subsequent 
stimuli[77]. Circulating microbial metabolites (e.g., 
propionate) can directly act on bone marrow 
hematopoietic stem and progenitor cells, affect-
ing their proliferation and differentiation[78]. This 
means that the gut microbiota can systemically 
alter the quantity and quality of the host’s mobi-
lizable immune cell pool, thereby profoundly 
influencing the inflammatory response capacity 
to vascular injury.

In summary, the gut microbiome, through its potent 
metabolic capacity, produces directly vasoactive mole-
cules (e.g., TMAO and SCFAs) and acts as a “central 
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processor” for regulating vascular health by shaping the 
systemic immune landscape (particularly the Treg/Th17 
balance). These two pathways are intertwined (e.g., 
SCFAs acting as both metabolites and immune modu-
lators), collectively determining the systemic response 
tone when the host encounters vascular injury stimuli. 
From a clinical perspective, circulating TMAO has 
attracted considerable attention as a potential biomarker 
for cardiovascular risk prediction. Elevated plasma 
TMAO levels have been associated with increased 
risks of atherosclerosis, major adverse cardiovascular 
events, and mortality in clinical cohorts. However, its 
application in routine clinical practice requires further 
validation regarding population-specific thresholds, 
confounding factors, and integration with existing risk 
assessment models.

Niche-specific mechanisms II: oral cavity— 
the “outpost” of pathogen invasion and chronic  
inflammation

Direct hematogenous dissemination and vascular 
colonization: the pathogen’s “trojan horse” strategy

Periodontal pathogens, exemplified by P. gingivalis, are 
not only local destroyers but also “invaders” capable of 
systemic dissemination and direct action on the vascular 
wall.

•	 Evidence of circulatory invasion: Clinical stud-
ies using molecular detection techniques have 
repeatedly identified DNA or RNA of periodontal 
pathogens in atherosclerotic plaques, thrombi, and 
aneurysmal tissues[79]. This association extends 
beyond nucleic acids; in human and animal arte-
rial plaques, P. gingivalis cellular antigens have 
even been detected via immunohistochemistry[21]. 
This suggests that during active periodontitis, bac-
teria can directly enter the bloodstream through  
ulcerated gingival epithelium (bacteremia) and 
evade host immune clearance to achieve remote 
colonization. P. gingivalis has evolved a remarka-
ble ability to survive and replicate within vascular 
endothelial cells and smooth muscle cells, akin to 
intracellular pathogens[80]. It achieves this through 
its primary virulence factor, gingipains. Gingipains 
not only degrade the host tissue’s extracellular 
matrix and tight junction proteins, opening 

pathways for bacterial invasion, but also cleave 
specific cell surface molecules to inhibit host cell 
apoptosis, thereby creating an intracellular niche 
conducive to long-term survival[81]. These find-
ings highlight the potential clinical importance of 
oral health management in cardiovascular disease 
prevention. Periodontal screening and treatment 
may represent a feasible non-cardiac intervention 
window for reducing systemic inflammatory 
burden, particularly among individuals with high 
cardiovascular risk. Future clinical studies should 
determine whether periodontal intervention can 
translate microbial modulation into measurable 
improvements in vascular outcomes.

•	 Direct damage to vascular cells by virulence 
factors: P. gingivalis and its outer membrane 
vesicles can directly activate Toll-like receptors 
(e.g., TLR2/4) on endothelial cells, inducing 
high expression of adhesion molecules like 
E-selectin, ICAM-1, and VCAM-1, promoting 
monocyte adhesion and intimal accumulation[82]. 
Concurrently, it interferes with endothelial NO 
synthase activity, reducing the production of 
vasodilatory and protective NO, and promotes 
endothelin-1 release, collectively leading to 
vasoconstriction and endothelial dysfunction[83]. 
Gingipains can modify low-density lipoprotein, 
making it more readily taken up by macrophages, 
thereby promoting foam cell formation, a core 
component of atherosclerotic plaques[84]. P. gin-
givalis infection can upregulate the expression 
of matrix metalloproteinases (especially matrix 
metalloproteinase-9 [MMP-9]) in vascular cells. 
MMP-9 degrades the collagen components of the 
plaque fibrous cap, weakening its stability and 
making the plaque prone to rupture, triggering 
acute thrombotic events[85].

As an inflammation amplifier: a continuous source of 
“cytokine storm”

Periodontitis is a chronic inflammatory lesion driven 
by dysbiosis, incapable of self-repair. This persistently 
active local inflammatory process acts as a “cytokine 
factory,” continuously releasing inflammatory mediators 
into the circulatory system, significantly increasing the 
systemic inflammatory burden.
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Within active periodontal lesions, numerous activated 
immune cells (neutrophils, macrophages, and T cells) 
accumulate, producing high concentrations of pro-
inflammatory cytokines such as IL-1β, IL-6, TNF-α, and 
prostaglandin E2[86]. These mediators can easily enter 
the systemic circulation through the rich local capillary 
network. Studies confirm that serum levels of IL-6, 
TNF-α, and CRP are significantly higher in patients 
with severe periodontitis compared to those with healthy 
periodontium[87].

The “chronic low-grade inflammation” hypothesis of 
cardiovascular disease posits that persistent, subclinical 
systemic inflammation is a key driver of atherosclerosis 
progression. Periodontitis perfectly fits the definition 
of such a “continuous stimulus.” It is not a one-time 
infection but a long-term, chronic process with recurrent 
acute exacerbations. Even during “quiescent periods,” 
active immune activity persists beneath the lesion. 
Therefore, periodontitis is considered an important 
environmental factor contributing to and maintaining 
a state of systemic low-grade inflammation[88]. This 
sustained inflammatory burden not only directly 
damages blood vessels but also “primes” the immune 
system, making it react more intensely to subsequent 
atherosclerotic stimuli, forming a vicious cycle.

Epidemiological studies, using methods such as Mende-
lian randomization, have provided support for a causal 
relationship between periodontitis and cardiovascular 
disease[89,90]. More importantly, interventional studies 
offer direct evidence: successful basic periodontal ther-
apy (scaling, root planing) can significantly reduce serum 
levels of systemic inflammatory markers like CRP and 
IL-6[91]. This indicates that removing this local source 
of inflammation can directly alleviate the systemic 
inflammatory burden, mechanistically explaining why 
treating periodontal disease might yield cardiovascular  
benefits.

In summary, oral microbial communities, through both 
“direct seeding” (pathogen dissemination and coloniza-
tion) and “remote bombardment” (systemic spillover of 
inflammatory mediators), directly and continuously par-
ticipate in vascular damage processes, constituting their 
unique and indispensable mechanisms for influencing 
cardiovascular health.

Niche-specific mechanisms III: skin—the 
“regulator” of barrier integrity and local  
immunity

Microbiota composition and homeostasis mainte-
nance in healthy skin

Healthy skin microbiota is highly site-specific, 
primarily composed of members from the phyla Actino-
bacteria, Firmicutes, Proteobacteria, and Bacteroidetes. 
Core commensals include Staphylococcus epidermidis,  
Staphylococcus hominis, Cutibacterium acnes, and various  
Corynebacterium species[92]. These commensals main-
tain homeostasis through multiple mechanisms: (a) Niche  
competition and direct inhibition: They secrete anti-
microbial peptides (e.g., phenol-soluble modulin from 
S. epidermidis) to inhibit pathogen colonization[93].  
(b) Immune education: They train skin-resident immune 
cells, promote regulatory T cell (Treg) function, and 
maintain tolerance to commensals[94]. (c) Barrier support: 
They help maintain epidermal acidic pH and stratum 
corneum integrity through metabolites (e.g., SCFAs)[95].

Microbiota dysbiosis and barrier disruption: exempli-
fied by psoriasis and atopic dermatitis

In chronic inflammatory skin diseases such as pso-
riasis and atopic dermatitis (AD), skin microbiota 
undergoes characteristic dysbiosis, showing decreased 
diversity and expansion of specific pathogenic bacte-
ria[96]. In psoriatic plaques, the relative abundance of  
Staphylococcus aureus and Malassezia species signif-
icantly increases[97]. In AD, excessive colonization by 
S. aureus is a hallmark feature[98]. This dysbiosis is not 
a passive consequence but an active pathogenic factor. 
Virulence factors secreted by S. aureus (e.g., α-toxin, 
phenol-soluble modulins) can directly lyse keratinocytes, 
disrupting the physical barrier composed of filaggrin and 
tight junction proteins[99]. Following barrier breakdown, 
MAMPs, allergens, and autoantigens readily penetrate, 
activating innate immune cells in the dermal layer.

Core immune axis: persistent activation of the IL-23/
Th17 pathway

The core of the skin immune response is the IL-23/Th17 
axis. Upon recognizing invading antigens, antigen- 
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presenting cells like dendritic cells produce IL-23. 
IL-23 drives the expansion of γδ T cells, Th17 cells, and 
group 3 innate lymphoid cells (ILC3s), which in turn 
secrete large amounts of effector cytokines IL-17A, 
IL-17F, IL-22, and TNF-α[100]. IL-17 and IL-22 stimu-
late keratinocyte hyperproliferation (a typical psoriatic 
plaque feature) and the production of antimicrobial pep-
tides (e.g., LL-37) and chemokines (e.g., C-X-C motif 
chemokine ligand 1 [CXCL1], CXCL8), which further 
recruit inflammatory cells like neutrophils, forming a 
chronic inflammatory environment characterized by 
neutrophilic microabscesses[101]. In AD, although Th2 
responses predominate, S. aureus colonization can also 
strongly induce IL-17 and IL-23 production, exacerbat-
ing disease severity[102].

Mechanisms from local inflammation to systemic 
vascular damage

Active skin lesions are efficient “cytokine factories.” 
Persistently elevated serum levels of IL-17, IL-23, TNF-
α, IL-6, and hsCRP  in patients signify a chronic systemic 
low-grade inflammatory state[103]. Circulating IL-17A 
and TNF-α can directly act on vascular endothelial cells, 
activating the NF-κB pathway to upregulate adhesion 
molecule (VCAM-1, ICAM-1) expression, promoting 
monocyte adhesion and intimal accumulation, while 
impairing endothelial-dependent vasodilation, which are 
critical early steps in atherosclerosis[104]. Cutting-edge 
research reveals that skin inflammation can remotely 
affect bone marrow hematopoiesis. Cytokines like IL-23 
can induce epigenetic reprogramming of hematopoietic 
stem and progenitor cells, skewing them toward produc-
ing more granulocyte-monocyte progenitors, leading to 
a continuous output of hyper-reactive inflammatory 
neutrophils and monocytes from the bone marrow, 
thereby systematically amplifying the inflammatory 
response to various stimuli, including vascular injury[105].

Epidemiological and clinical interventional causal 
evidence chain

Large-scale cohort studies and meta-analyses confirm 
that patients with moderate to severe psoriasis have a 
significantly increased risk of myocardial infarction, 
stroke, and heart failure, with risk ratios comparable 
to traditional factors like diabetes and hypertension, 

and positively correlated with disease severity and 
duration[106]. AD has also been independently associated 
with an increased risk of hypertension, myocardial 
infarction, and heart failure[107]. Effective control of  
skin inflammation using targeted biologics (e.g.,  
anti-IL-17A, anti-IL-23, anti-IL-12/23, anti-TNF-α) not 
only significantly reduces serum systemic inflammatory 
markers but also improves endothelial function[108]. 
Furthermore, prospective cohort data show that 
psoriatic patients receiving effective systemic treatment 
have lower cardiovascular event rates than those with 
uncontrolled disease, providing strong supportive 
evidence for “controlling skin inflammation to reduce 
cardiovascular risk”[109].

Skin microbiota dysbiosis, by disrupting the barrier and 
activating a local immune inflammatory loop centered 
on IL-23/Th17, leads to systemic spillover of pro-in-
flammatory cytokines, direct endothelial damage, and 
bone marrow hematopoietic reprogramming. These col-
lectively drive chronic systemic inflammation, thereby 
constituting the pathophysiological basis for diseases 
like psoriasis and AD becoming independent cardiovas-
cular risk factors. This mechanism clearly establishes 
a logical chain of “skin microbiota dysbiosis → local 
immune inflammation → systemic inflammation → 
accelerated vascular disease.”

Niche-specific mechanisms IV: lung—the 
gatekeeper of local immunity and vascular 
resistance

Microbiota composition and homeostasis mainte-
nance in healthy lungs

The healthy lower respiratory tract microbiota is 
characterized by low biomass (abundance approximately 
one-thousandth of the gut) and high dynamism, with 
its composition primarily influenced by the balance of 
inhalation, microaspiration, and mucociliary clearance 
mechanisms[110]. Core phyla typically include Firmicutes, 
Bacteroidetes, and Proteobacteria. Dominant genera 
vary considerably among individuals, potentially 
including Prevotella, Veillonella, and Streptococcus 
species[111]. The healthy lung microbiota is not passively 
present but, through continuous dialogue with the host 
immune system (especially alveolar macrophages), 
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helps maintain a state of immune tolerance, suppressing 
excessive inflammatory responses to harmless inhaled 
antigens[112].

Microbiota dysbiosis and lung diseases: characteris-
tic changes in COPD and PAH

In diseases such as chronic obstructive pulmonary  
disease (COPD) and idiopathic pulmonary arterial hyper-
tension (IPAH), lung microbiota undergo characteristic 
dysbiosis, presenting as reduced alpha diversity and altered 
community composition[113]. In COPD patients, the  
relative abundance of common Haemophilus, Moraxella, 
and Streptococcus species increases, while potentially  
beneficial bacteria decrease[114]. Unique microbial features  
have also been detected in the lungs of IPAH patients[115]. 
This dysbiosis correlates positively with disease sever-
ity, frequency of acute exacerbations, and inflammation 
levels.

Core mechanism: “reprogramming” of alveolar  
macrophages

Alveolar macrophages are the primary innate immune 
cells in the lung, and the local microbiome directly reg-
ulates their functional state. Dysbiosis reprograms them 
from “guardians” to “destroyers” through the following 
pathways: Commensal microbiota, typically through 
metabolites like short-chain fatty acids, maintain the 
oxidative phosphorylation metabolic phenotype of 
alveolar macrophages, favoring anti-inflammatory and 
tissue repair functions[116]. Following dysbiosis, harmful 
bacteria and their products (e.g., LPS) shift macrophage 
metabolism toward glycolysis (the “Warburg effect”). 
This metabolic shift is fundamental to pro-inflammatory 
phenotype (M1-like) activation, driving the extensive 
production of IL-1β, IL-6, and TNF-α[117]. PAMPs (e.g., 
bacterial DNA) and DAMPs (e.g., ATP) released by lung 
microbiota dysbiosis provide dual signals, continuously 
activating the NLRP3 inflammasome within alveolar 
macrophages, leading to caspase-1-mediated maturation 
and secretion of IL-1β and IL-18[118]. IL-1β is an extremely 
potent pro-inflammatory factor that can directly act on 
the pulmonary vasculature. Chronic microbial stimula-
tion leads to alveolar macrophages exhibiting “immune 
fatigue” or “inflammatory senescence” phenotypes, 
characterized by reduced ability to clear apoptotic cells 

and pathogens, yet increased baseline inflammatory 
cytokine secretion, forming an inefficient and harmful 
state of persistent inflammation[119].

Towards pulmonary arterial hypertension: from in-
flammation to vascular remodeling

Alveolar macrophages “reprogrammed” by dysbiotic 
microbiota are a core engine driving pulmonary vascular 
remodeling in PAH: Macrophages secrete IL-1β, IL-6, 
and TNF-α, which can directly stimulate pulmo-
nary vascular endothelial cell activation, promoting 
endothelial-to-mesenchymal transition; concurrently, 
they stimulate abnormal proliferation, migration, and 
apoptosis resistance of pulmonary artery smooth muscle 
cells, leading to vascular wall thickening and lumen 
narrowing[120]. Activated macrophages produce large 
amounts of ROS, leading to local oxidative stress. ROS 
not only directly damage vascular cells but also inacti-
vate the vasodilator NO and activate hypoxia-inducible 
factor-1α, further promoting pro-proliferative and pro- 
inflammatory gene expression, forming a “hypoxia- 
inflammation-vasoconstriction” vicious cycle[121].

Systemic vascular impact: beyond pulmonary circu-
lation

Chronic lung inflammation has significant systemic 
consequences: High levels of IL-1β, IL-6, and TNF-α 
produced in the lungs can enter systemic circulation, con-
tributing to a systemic low-grade inflammatory state, a 
known driver of accelerated systemic atherosclerosis[122]. 
Lung-derived ROS and inflammatory cells can “spill 
over” into circulation, consuming systemic antioxidant 
capacity, leading to increased circulating oxidized 
lipids and DNA damage products. Systemic oxidative 
stress is a critical link in endothelial dysfunction and 
atherosclerosis[123]. Similar to skin inflammation, per-
sistent lung inflammatory signals may remotely affect 
the bone marrow, promoting the generation of more  
pro-inflammatory-prone myeloid cells, thereby system-
atically exacerbating vascular inflammation[124].

Evidence and intervention prospects

COPD is a recognized independent cardiovascular risk 
factor, with patients experiencing significantly increased 
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risks of myocardial infarction and heart failure[125]. 
PAH patients often also have systemic endothelial 
dysfunction. Animal model studies show that inducing 
lung microbiota dysbiosis (e.g., through antibiotics or 
pathogen infection) can exacerbate hypoxia-induced 
pulmonary hypertension[126]. Conversely, using broad-
spectrum antibiotics to clear certain microbiota or 
supplementing probiotics in some models can alleviate 
pulmonary vascular remodeling and inflammation[127]. 
Targeting the lung microbiota-immune axis (e.g., through 
inhaled probiotics, phages, or specific metabolites) or key 
downstream inflammatory mediators (e.g., anti-IL-1β 
treatment) represents potential new strategies for treating 
PAH and reducing systemic cardiovascular complications 
in COPD patients[128]. The lung microbiome, by finely 
regulating the immunometabolism and inflammatory 
state of alveolar macrophages, profoundly influences 
pulmonary vascular resistance and remodeling, acting 
as an important link in the pathogenesis of pulmonary 
arterial hypertension. Simultaneously, the lung, as a 
chronic inflammatory focus, generates “spillover effects” 
of inflammation and oxidative stress, systematically 
exacerbating pathological processes in systemic blood 
vessels.

Niche-specific mechanisms V: vagina—a key 
regulator of female cardiovascular health

Microbiota composition and homeostasis mainte-
nance in the healthy vagina

The vaginal microbiota of healthy reproductive-aged 
women is dominated by Lactobacillus species, whose 
relative abundance can reach 70%–90%[129]. Key species 
include L. crispatus, L. gasseri, L. jensenii, and L. iners. 
They maintain a healthy vaginal microenvironment 
through the following mechanisms: (a) Lactic acid 
production: They convert glycogen into lactic acid, 
maintaining a vaginal pH of 3.8–4.5, effectively 
inhibiting pathogen growth[130]. (b) Pathogen antag-
onism: They occupy epithelial cell adhesion sites and 
produce bacteriotoxins, hydrogen peroxide, and other 
antimicrobial substances to directly antagonize oppor-
tunistic pathogens[131]. (c) Immune modulation: They 
promote local immune tolerance, maintaining moderate 
immune surveillance without triggering excessive  
inflammation[132].

Microbiota dysbiosis characteristics of bacterial 
vaginosis

Bacterial vaginosis (BV) is a typical dysbiosis char-
acterized by a significant reduction or absence of 
Lactobacillus (especially hydrogen peroxide-producing 
strains), replaced by the overgrowth of various an-
aerobic and facultative anaerobic bacteria, forming a  
high-diversity biofilm[133]. Core pathogenic communi-
ties include: Gardnerella vaginalis is considered a key 
“keystone” bacterium in bacterial vaginosis (BV). It can 
form dense biofilms that serve as a structural scaffold, 
facilitating the attachment, colonization, and growth of 
other anaerobic bacteria, including Prevotella species 
(such as P. bivia and P. buccae), Mobiluncus species, 
Bacteroides species, and Sneathia species[134]. These bac-
teria collectively produce a range of virulence factors,  
such as sialidases, mucinases, and LPSs, that compro-
mise host defenses.

Mechanisms from local dysbiosis to systemic vascu-
lar damage

BV-associated pathogens, particularly Gardnerella vaginalis  
and Prevotella species, secrete sialidases that degrade 
sialic acid residues in the cervical mucus barrier, 
disrupting the mucus gel structure[135]. This allows 
bacterial products and even live bacteria to penetrate 
the barrier, contacting and activating immune cells (e.g., 
macrophages, dendritic cells) in the cervix and lower 
uterus. These cells, by recognizing bacterial LPSs and 
peptidoglycans, activate TLR2/4 signaling pathways, 
which then strongly activate the NLRP3 inflammasome, 
leading to the massive release of mature IL-1β, IL-6, and 
TNF-α, among other pro-inflammatory cytokines[136].

During pregnancy, the uterus is a highly vascularized 
organ. The intense inflammatory factors produced 
locally in the cervix-decidua can easily enter the 
maternal circulation. IL-1β and TNF-α are known 
potent modulators of vascular function: they can induce 
oxidative stress in vascular endothelial cells, reduce 
NO bioavailability, and promote endothelin-1 release, 
leading to increased vasoconstriction and dysfunction 
of endothelial-dependent vasodilation[137]. This inflam-
matory environment can inhibit the normal invasion  
of placental syncytiotrophoblasts and lead to an 
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imbalance between pro-angiogenic factors (e.g., vascular 
endothelial growth factor [VEGF]) and anti-angiogenic 
factors (e.g., soluble fms-like tyrosine kinase-1 [sFlt-1]), 
the latter being central to preeclampsia pathogenesis[138]. 
Numerous prospective cohort studies have confirmed  
that BV diagnosed in early to mid-pregnancy is an 
independent risk factor for subsequent preeclampsia, 
with hazard ratios (HR) ranging from 1.2 to 2.0[139]. This 
association is more pronounced in severe, early-onset 
preeclampsia. Gardnerella vaginalis: The biofilm it 
forms not only provides physical protection, but its 
release of succinic acid can directly inhibit Lactobacillus  
growth and act as a signaling molecule to enhance 
local inflammatory responses[140]. Prevotella species: 
Can produce abundant LPSs, but their LPS structure 
(non-classical 3-hydroxy fatty acids) possesses unique 
immunostimulatory activity, potentially inducing 
stronger TLR4-mediated inflammatory responses[141].

Potential impact on long-term cardiovascular health

Preeclampsia is considered a “stress test” and a warning 
signal for women’s future risk of CVDs (e.g., hyper-
tension, ischemic heart disease, heart failure)[142]. Its 
fundamental pathology involves systemic endothelial 
damage incurred and potentially entrenched during 
pregnancy. Therefore, BV, as an intervenable risk factor 
for preeclampsia, might have effects beyond pregnancy: 
Chronic, recurrent, or untreated BV could maintain 
women in a subclinical systemic inflammatory state over 
the long term, continuously inflicting low-level damage 
on the vascular endothelium[143]. Experiencing severe 
endothelial dysfunction triggered by BV-related inflam-
mation during pregnancy might impair vascular repair 
mechanisms, increasing the risk of long-term postpartum 
arteriosclerosis and hypertension[144]. Research has begun 
to explore the association between BV and non-pregnant 
women’s cardiovascular risk markers (e.g., carotid inti-
ma-media thickness), providing preliminary support for 
this long-term impact hypothesis[145].

The vaginal microbiome, particularly the Lactobacil-
lus-dominated steady state, is critical for maintaining 
local immune balance and barrier function in the female 
reproductive tract. Dysbiosis, exemplified by BV, 
through virulence factors of specific pathogens (e.g., 
Gardnerella, Prevotella), disrupts the barrier, triggering 

a local immune storm centered on the NLRP3/IL-1β 
axis, leading to systemic “spillover” of pro-inflamma-
tory cytokines, directly contributing to the pathogenesis 
of pregnancy-related vascular complications like preec-
lampsia. This not only reveals the direct intersection of 
reproductive health and cardiovascular health during 
pregnancy but also suggests that BV could be an early, 
intervenable window for cardiovascular risk across 
a woman’s lifespan. Future research needs to longi-
tudinally track BV history, pregnancy outcomes, and 
long-term cardiovascular phenotypes, and explore new 
strategies to improve vascular health by maintaining or 
restoring vaginal microbiota homeostasis (e.g., using 
specific probiotic strains)[146,147].

Niche-specific mechanisms VI: skeletal  
muscle—the metabolic and immune inter-
face linking microbiota to vascular function

Skeletal muscle is the largest insulin-sensitive organ  
and a major regulator of systemic metabolism. Although 
it is not a classical microbial niche, skeletal muscle 
serves as a critical target of microbiota-derived metabo-
lites and immune signals. Increasing evidence suggests 
that the interaction between gut microbiota, skeletal 
muscle metabolism, and vascular function forms a “Mus-
cle–Microbiome–Vascular Triangle”, in which microbial 
metabolites regulate muscle metabolic homeostasis, 
inflammatory status, and myokine secretion, thereby influ-
encing endothelial function and vascular remodeling[148,149].

Microbiota-derived metabolites and skeletal muscle 
metabolic regulation

The gut microbiome regulates skeletal muscle func-
tion mainly through circulating microbial metabolites, 
including SCFAs and bile acid derivatives. SCFAs, 
particularly butyrate, promote mitochondrial biogenesis 
and oxidative metabolism through AMPK and PGC-1α 
signaling, while microbial regulation of bile acid metab-
olism influences insulin sensitivity via FXR/TGR5 
pathways[150,151]. Microbial dysbiosis reduces beneficial 
metabolite production and promotes mitochondrial 
dysfunction, impaired glucose utilization, and oxidative 
stress in skeletal muscle. These metabolic alterations 
contribute to systemic inflammation and indirectly 
accelerate endothelial dysfunction and vascular injury.
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Muscle inflammation and immune-mediated vascular 
dysfunction

Skeletal muscle functions as an endocrine organ through 
the secretion of myokines, which regulate metabolism 
and vascular homeostasis. However, microbiota imbal-
ance and increased circulating microbial products, 
particularly LPS, activate TLR4-dependent inflamma-
tory signaling in skeletal muscle, increasing TNF-α, 
IL-1β, and NF-κB activity[152]. This chronic inflamma-
tory state reduces beneficial myokine signaling and 
promotes endothelial dysfunction through decreased 
NO availability, increased oxidative stress, and vascular 
inflammatory activation. Therefore, skeletal muscle  
may act as an intermediate immune-metabolic ampli-
fier linking microbial disturbance to systemic vascular  
damage.

Clinical evidence and therapeutic perspectives

Clinical studies have demonstrated associations between 
gut dysbiosis, skeletal muscle dysfunction, and cardi-
ovascular risk. Aging-related reductions in microbial 
diversity and SCFAs-producing bacteria are linked 
with sarcopenia, chronic inflammation, and increased 
cardiovascular susceptibility[153]. Similarly, obesity and 
type 2 diabetes exhibit combined alterations in gut 
microbiota, muscle insulin resistance, and endothelial 
dysfunction[154]. Microbiota-targeted interventions, 
including dietary modulation, exercise, probiotics, and 
metabolite-based therapies, represent potential strategies 
to improve both muscle and vascular health. However, 
current evidence remains largely associative, and the 
causal mechanisms by which specific microbial taxa or 
metabolites regulate muscle–vascular communication 
require further validation using integrated multi-omics 
approaches.

Although niche-specific mechanisms provide impor-
tant insights into how microbial communities regulate 
vascular function, their clinical significance extends 
beyond mechanistic interpretation. Increasing evidence 
suggests that niche-derived microbial signatures, metab-
olites, and immune mediators may serve as clinically 
relevant indicators for cardiovascular risk stratification. 
For example, circulating microbial metabolites such 
as TMAO, pathogen-derived components, and inflam-

matory signatures associated with oral or gut dysbiosis  
may complement conventional cardiovascular risk 
factors by identifying individuals with elevated residual 
inflammatory risk. Therefore, understanding niche-spe-
cific microbiome–vascular interactions may facilitate 
the development of personalized diagnostic strategies 
and early intervention approaches.

Disease integration: synergistic roles of 
the microbiome network in cardiovascular 
pathologies

Atherosclerosis: an integrated “multi-pronged 
attack” model of the microbiome network

The development of atherosclerosis can be viewed 
as a process continuously “attacked” by multi-source 
microbial signals. These signals originate from different 
ecological niches, and through unique yet interrelated 
mechanisms, collectively shape the fate of plaques.

Within atherosclerotic lesions, macrophages serve as 
central regulators that determine whether inflammation 
progresses or resolves. Upon exposure to microbi-
al-derived signals, oxidized lipids, and inflammatory 
cytokines, circulating monocytes are recruited into 
the vascular wall and differentiate into heterogeneous 
macrophage populations with dynamic functional states. 
Pro-inflammatory macrophages produce cytokines 
such as TNF-α, IL-1β, and IL-6, promoting endothelial 
dysfunction, lipid accumulation, and plaque instability, 
whereas reparative macrophage phenotypes contribute 
to efferocytosis, tissue repair, and inflammatory resolu-
tion[155]. Recent single-cell transcriptomic studies have 
revealed extensive macrophage heterogeneity within 
atherosclerotic plaques, demonstrating that macrophage 
states exist along a continuum rather than as simple M1/
M2 categories, with local metabolic and inflammatory 
cues shaping their functional profiles[156]. Microbial 
signals may disturb this balance by sustaining inflam-
matory macrophage activation, impairing efferocytosis, 
and accelerating necrotic core formation, thereby linking 
microbiome-derived stimuli to atherosclerotic progres-
sion[157]. Importantly, microbial-derived metabolites 
may further promote macrophage dysfunction by 
inducing ER stress and activating the UPR, particularly 
the XBP1-dependent transcriptional program, which 
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regulates inflammatory signaling, cellular adapta-
tion, and survival responses. Dysregulated ER stress 
responses may therefore serve as a mechanistic bridge 
connecting microbiome-derived metabolic perturba-
tions to persistent macrophage activation and plaque  
progression[158].

In addition, microbial-derived DNA and damage- 
associated mitochondrial DNA released under cellular 
stress may activate the cGAS–STING pathway in plaque 
macrophages and endothelial cells. STING activation 
promotes TBK1-IRF3 signaling and type I interferon 
production, while its excessive activation significantly 
drives a phenotypic switch in plaque macrophages, 
exacerbating pro-inflammatory M1 polarization while 
suppressing reparative M2 polarization. This dynamic 
imbalance accelerates oxidative stress, lipid loading, and 
endothelial dysfunction. Thus, cGAS–STING represents 
an additional innate immune sensing mechanism 
linking microbial translocation and cellular stress 
responses to chronic vascular inflammation and plaque 
instability via dysregulated macrophage polarization  
dynamics[159].

Clinically, the multi-niche microbiome network model 
suggests that atherosclerosis should not only be con-
sidered a lipid-driven disease but also a condition 
influenced by microbial, metabolic, and immune inter-
actions. This concept may support future risk prediction 
models incorporating microbial biomarkers alongside 
conventional cardiovascular parameters. Nevertheless, 
prospective clinical trials are required to determine 
whether microbiome-based interventions can reduce 
plaque progression or cardiovascular events.

Gut: the “nexus of metabolic dysregulation”

The gut microbiome systemically sets the metabolic and 
inflammatory tone for atherosclerosis (AS) by producing 
vasoactive metabolites directly.

•	 Pro-atherogenic factors—TMAO: A diet rich in 
choline/carnitine (e.g., red meat) is metabolized 
by gut bacteria (e.g., Firmicutes species encoding  
the cutC/D gene cluster) to produce TMA, which 
is converted to TMAO in the liver. TMAO directly 

promotes AS and thrombosis by (a) upregulating  
macrophage scavenger receptors to promote 
foam cell formation; (b) inhibiting reverse 
cholesterol transport; and (c) enhancing platelet 
reactivity[27,160,161].

•	 Vascular protective factors—SCFAs, indole 
derivatives, and secondary bile acids: Die-
tary fibers fermented by gut anaerobic bacteria 
produce acetate, propionate, and butyrate. They 
inhibit inflammation by activating GPR41/43 on 
vascular and immune cells, and upregulate protec-
tive gene expression (e.g., antioxidant genes) by 
inhibiting HDAC. Butyrate also induces regula-
tory T cells in the gut, systematically suppressing 
inflammation. Propionate supplementation in 
animal models significantly reduces hypertensive 
cardiovascular damage and AS[64]. Tryptophan is 
metabolized by gut bacteria (e.g., Lactobacillus) 
to produce indole-3-propionic acid, among others, 
which are endogenous ligands for the AhR. AhR 
signaling activation enhances endothelial barrier 
function, reduces oxidative stress, and promotes 
regulatory T cell differentiation, thereby exerting 
anti-AS effects[162]. Gut bacteria modify primary 
bile acids to produce deoxycholic acid and 
lithocholic acid. As ligands for FXR and TGR5, 
their activation inhibits hepatic lipid synthesis, 
promotes energy expenditure, and suppresses 
NLRP3 inflammasome in macrophages, thereby 
exerting anti-inflammatory and anti-AS effects[65].

Oral cavity: the “outpost of direct invasion and local 
inflammation”

Oral pathogens, exemplified by P. gingivalis, accel-
erate AS through direct hematogenous dissemination 
and systemic inflammation. This bacterium can enter 
circulation via ulcerated gingival epithelium and utilize 
its virulence factor gingipains to invade and survive 
within vascular endothelial cells and smooth muscle 
cells[81]. Its direct damage includes: (a) activating  
endothelial cell TLR2/4, promoting adhesion molecule 
expression; (b) inducing abnormal proliferation and 
migration of smooth muscle cells; and (c) upregulating 
MMP-9 expression within plaques, weakening fibrous 
cap stability[90]. Systemic inflammation amplification: 
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Periodontitis, as a chronic inflammatory focus, con-
tinuously releases pro-inflammatory cytokines such as 
IL-1β, IL-6, and TNF-α into circulation, significantly 
elevating the systemic inflammatory burden and provid-
ing continuous “fuel” for AS development[87].

Skin and others: the “amplifiers of persistent immune 
activation”

Chronic inflammatory skin diseases (e.g., psoriasis) 
share immunopathological bases with AS.

•	 IL-17/23 axis-driven systemic inflammation: Skin 
microbiota dysbiosis (e.g., Staphylococcus aureus  
overgrowth) leads to barrier disruption, activating 
the skin’s IL-23/Th17 immune axis, producing 
large amounts of IL-17A and IL-22[100]. These 
cytokines enter circulation, directly impairing 
endothelial function and remotely “training” bone 
marrow hematopoietic stem cells to produce more 
pro-inflammatory myeloid cells, thereby system-
atically exacerbating vascular inflammation[163].
BV-related dysbiosis is associated with an in-
creased risk of preeclampsia during pregnancy 
(a form of acute endothelial dysfunction)[164], 
suggesting its potential to influence long-term 
cardiovascular risk by inducing severe vascular 
inflammatory events.

•	 Integrated “multiple hit” hypothesis: Growing 
evidence supports a “multiple hit” hypothesis: 
that simultaneous or sequential dysbiosis from 
multiple ecological niches exerts additive or even 
synergistic accelerative effects on AS. Regardless 
of origin, microbial signals from different niches 
ultimately converge to activate common host 
innate immune pathways, such as NF-κB and 
the NLRP3 inflammasome, producing ultimate 
effector molecules like IL-1β and IL-6. This 
convergence can lead to an “1 + 1 > 2” ampli-
fication of inflammation[32]. Oral pathogens (e.g., 
P. gingivalis) can, after being swallowed, alter 
gut microbiota composition and barrier function, 
thereby affecting the production of gut-derived 
metabolites (e.g., increasing TMAO, decreasing 
SCFAs)[26]. Conversely, systemic inflammation 
driven by gut dysbiosis may also reduce local oral 

immunity, exacerbating periodontitis[21]. Chronic 
inflammation in one niche (e.g., psoriasis) leading 
to systemic low-grade inflammation and “trained 
immunity” in the bone marrow can make the vas-
cular system respond more rapidly and intensely 
to attacks from another niche (e.g., oral bacter-
emia or high TMAO)[165]. Patients suffering from 
both periodontitis and gut dysbiosis-related met-
abolic diseases (e.g., diabetes) have a far greater 
cardiovascular risk than those with only one of 
these conditions[166]. Psoriasis patients compli-
cated with severe periodontitis have higher levels 
of systemic inflammatory markers and cardiovas-
cular event risk than those with only psoriasis[167]. 
Simultaneously administering a high-choline diet  
(mimicking gut dysbiosis) and oral P. gingivalis- 
infection to mice accelerates aortic plaque for-
mation and inflammation more significantly than 
either intervention alone[168]. Similarly, protective 
signals from different niches can also synergize. 
For example, gut-produced SCFAs and indole 
derivatives can systemically enhance immune 
tolerance and endothelial stability, while healthy 
oral and skin microbiota reduce systemic inflam-
matory burden by maintaining local barriers. This 
holistic healthy microbiome network collectively 
forms a defense against AS[23].

Atherosclerosis is a concentrated manifestation of sys-
temic microbiome network imbalance at the vascular 
level (Figure 2). The gut, oral cavity, skin, and other 
ecological niches drive plaque progression from dif-
ferent angles through niche-specific mechanisms such 
as metabolites, direct pathogen invasion, and systemic 
immune activation. These mechanisms are not inde-
pendent but engage in profound dialogue at the level 
of inflammatory pathways, inter-niche interactions, 
and host immune status, collectively constituting a 
“multiple hit” scenario. Future research and clinical 
interventions need to shift from a single-niche perspec-
tive to holistic network regulation, for instance, through 
integrated strategies that combine dietary improvement 
(gut modulation), periodontal disease treatment (oral 
control), and skin inflammation management (reducing  
systemic burden) to prevent and treat atherosclerosis 
more effectively.
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Hypertension: gut-centric regulation and  
multi-niche modification

Hypertension is a complex manifestation of imbalanced 
vascular homeostasis. Within the microbiome network, 
the gut microbiota plays an undeniable “central proces-
sor” role, directly regulating blood pressure through 
metabolic and immune mechanisms. Meanwhile, 
dysbiosis in other niches such as the oral cavity and 
lungs acts as “accessory factors,” exacerbating vascular 
inflammation and resistance, collectively shaping the 
hypertensive phenotype.

High-salt diet reshapes gut microbiota structure and 
function

High salt intake rapidly and significantly alters gut 
microbiota composition, primarily characterized by 
depletion of Lactobacillus species (especially beneficial 
strains like L. reuteri, L. rhamnosus) and a reduction in 
certain members of the Bacteroidetes phylum[169]. Con-
currently, inflammation-associated bacterial groups may 

relatively increase. A key consequence of this dysbiosis 
is reduced gut short-chain fatty acid production, particu-
larly a decrease in butyrate and propionate[170].

SCFA deficiency: the core link connecting microbiota 
dysbiosis and hypertension

SCFAs are not only energy sources but also crucial 
blood pressure-regulating signaling molecules. Their 
deficiency leads to hypertension through the following 
parallel pathways:

•	 Immune dysregulation (Th17/Treg imbalance):  
SCFAs, particularly butyrate, are potent inhib-
itors of histone deacetylase and agonists of the 
GPR109a receptor. In the intestinal lamina pro-
pria, butyrate promotes the differentiation and 
function of regulatory T cells through epigenetic 
reprogramming and direct signaling[61]. High salt 
diet-induced butyrate reduction weakens Treg’s 
immunosuppressive function. Concurrently, a 
high-salt environment directly activates dendritic 
cells, promoting interleukin-17 production and 

Figure 2: Atherosclerosis is a concentrated manifestation of systemic microbiome network imbalance at the vascular level.

Gut inputs: Under homeostasis, dietary fiber produces SCFAs/indoles to induce anti-inflammatory and endothelial protection. Under dysbiosis, dietary choline/carnitine converts via 

microbial cutC/D into TMA and hepatic TMAO, promoting thrombosis and systemic inflammation. Oral and skin/vaginal inputs: Periodontal pathogens activate TLR2/4 signaling to 

enhance systemic inflammation and fibrous cap weakening. Skin and vaginal dysbiosis trigger Th17 cells, IL-17A/IL-22, and endothelial disruption to drive vascular inflammation. 

Center: Cross-section of a blood vessel showing converging multi-site inputs that promote plaque buildup and vascular pathology.
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Th17 cell polarization via p38/mitogen-activated 
protein kinase (MAPK) and serum and gluco-
corticoid-regulated kinase 1 (SGK1) signaling 
pathways[171]. Increased Th17 cells migrate to the 
kidneys and perivascular adipose tissue, produc-
ing IL-17, which directly induces vasoconstriction 
and increased renal sodium reabsorption.

•	 Neuroendocrine system activation: SCFAs (e.g., 
propionate) can regulate sympathetic nerve activ-
ity by activating intestinal enteroendocrine cells 
or directly acting on GPR41 receptors in blood 
vessels and kidneys[172]. SCFA deficiency may 
release inhibitory control over the sympathetic 
nervous system. Gut microbiota dysbiosis can 
affect the activity of the intrarenal and systemic 
renin-angiotensin-aldosterone system (RAAS).  
Animal studies suggest that dysbiosis may enhance 
RAAS’s pressor effects by increasing angiotensin 
II receptor type 1 expression or decreasing angio-
tensin-converting enzyme 2 expression[76].

•	 Endothelial dysfunction: SCFAs (especially pro-
pionate and butyrate) can directly act on vascular 
endothelial cells by activating GPR41/GPR43 and 
inhibiting HDAC, increasing NO bioavailability 
and reducing ROS production, thereby improv-
ing endothelial-dependent vasodilation[64]; their 
deficiency directly impairs this protective mecha-
nism. Moreover, reduced SCFAs availability may 
impair activation of the AMPK/SIRT1/PGC-1α 
signaling axis, leading to decreased mitochon-
drial biogenesis, impaired endothelial energy 
metabolism, and increased oxidative stress. Loss 
of AMPK-mediated vascular protection may 
further promote endothelial inflammation and 
dysfunction, providing an additional mechanism 
linking microbiota-derived SCFAs depletion to 
hypertension development[62,63].

Roles of other protective gut metabolites

•	 Indole derivatives: Tryptophan metabolized by 
gut bacteria produces indole-3-propionic acid, 
indole-3-acetic acid, etc., which are ligands for 
the AhR. AhR activation in endothelial cells has 
antioxidant and anti-inflammatory effects, and in 
immune cells, it can promote Treg differentiation 
and inhibit Th17 responses[173]. Impaired AhR 

signaling is associated with arterial stiffness and 
elevated blood pressure.

•	 Secondary bile acids: As endogenous ligands for 
FXR and TGR5 receptors, secondary bile acids 
(e.g., ursodeoxycholic acid) can induce vaso-
dilation by activating TGR5 and inhibit hepatic 
de novo lipogenesis and systemic inflammation 
through FXR signaling[174]. Microbiota dysregu-
lation-induced changes in the bile acid pool may 
weaken these protective effects.

Beyond gut-derived metabolites, skeletal muscle-derived 
myokines represent an additional regulatory layer within 
the microbiome–vascular axis. Exercise-induced myok-
ines, including IL-6, irisin, and other muscle-derived 
signaling molecules, can exert anti-inflammatory and 
metabolic benefits by enhancing endothelial function, 
improving insulin sensitivity, and modulating immune 
responses. In particular, transient IL-6 elevation during 
exercise differs from chronic pathological IL-6 activation, 
as exercise-induced IL-6 promotes metabolic adaptation 
and anti-inflammatory pathways rather than sustained 
vascular inflammation. These muscle-derived signals 
may counteract microbiota-driven hypertension by  
improving vascular metabolic homeostasis, suppressing  
excessive inflammatory activation, and complementing 
protective microbial metabolites such as SCFAs[175,176].

Intervention evidence

Supplementation with specific probiotics (e.g., 
Lacto-bacillus species), prebiotics (e.g., inulin, fruc-
tooligosaccharides), or direct supplementation with 
propionate/butyrate has shown clear blood pressure-low-
ering effects in animal models and preliminary clinical 
studies[177], providing reverse validation for the central 
role of the gut microbiota.

From a therapeutic perspective, microbiome-associated  
mechanisms may provide new opportunities for hyperten-
sion management, particularly in patients with persistent  
inflammation or metabolic abnormalities despite 
standard therapy. However, clinical translation requires 
standardized microbiome profiling methods and well- 
designed intervention studies to distinguish causal 
therapeutic targets from disease-associated microbial 
alterations.
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Other vascular diseases: vasculitis and aneu-
rysm—from PAMPs to vascular remodeling

Vasculitis and aneurysm represent destructive patho-
logical remodeling of the vascular wall due to aberrant 
immune attack. While traditionally considered asso-
ciated with autoimmunity or genetic factors, growing 
evidence suggests that microbes and their products—
PAMPs—from multiple ecological niches can act as 
crucial environmental triggers, aberrantly activating the 
vascular wall’s intrinsic immune surveillance system, 
driving pathological inflammation and tissue destruction.

The vascular wall is not an immunologically inert tissue; 
its adventitia and media contain resident dendritic cells 
and macrophages, and both vascular smooth muscle 
cells (vSMCs) and endothelial cells express functional 
pattern recognition receptors (PRRs). When circulating 
PAMP levels are persistently elevated due to niche 
barrier disruption (e.g., leaky gut, periodontitis), they 
can infiltrate the vascular wall, be recognized by these 
PRRs, and thereby initiate an uncontrolled immune 
response locally[178].

•	 Specific microbial genera and evidence:  
P. gingivalis is the oral pathogen most closely 
associated with large vessel vasculitis, giant 
cell arteritis, and abdominal aortic aneurysm 
(AAA)[179]. Mediated by its fimbriae and gingi-
pains, P. gingivalis can directly invade vascular 
endothelial cells and smooth muscle cells.

•	 NLRP3 inflammasome overactivation: P. gingivalis  
LPS and secreted gingipains provide strong acti-
vation signals, driving the assembly of the NLRP3 
inflammasome in vascular wall macrophages and 
vSMCs, leading to caspase-1-mediated massive 
maturation and release of IL-1β and IL-18[83]. 
IL-1β is a central mediator of vascular inflamma-
tion, recruiting neutrophils and inducing MMP 
expression. P. gingivalis heat shock protein 60 is 
highly homologous to human endothelial cell heat 
shock protein 60 (HSP60). Immune responses 
targeting P. gingivalis may produce cross-re-
active antibodies and T cells that mistakenly 
attack self-vascular tissue, driving autoimmune 
vasculitis[180]. Gingipains can directly degrade 
the extracellular matrix of the vascular wall (e.g., 

elastin, collagen) and induce vSMC apoptosis, 
directly compromising vascular wall structural 
integrity and promoting aneurysm formation[181].

In cases of gut barrier dysfunction, increased translocation 
of gut-derived PAMPs (e.g., LPS) leads to persistent 
low-grade endotoxemia. While this systemic immune 
stimulation does not directly target specific vessels, it 
can “prime” the systemic immune system, lowering the 
threshold for vasculitis onset and exacerbating existing 
vascular inflammation[182].

Chronic obstructive pulmonary disease or severe skin 
infections (e.g., Staphylococcus aureus bacteremia) can 
also lead to PAMPs and viable bacteria entering circu-
lation. For example, community-acquired pneumonia 
is a known trigger for vasculitis and acute expansion 
of AAA[183]. These infections, by providing abundant 
PAMPs, intensely activate intrinsic vascular wall immu-
nity in a short time, potentially acting as a “trigger point” 
for acute flares or accelerated progression.

Aberrantly activated immune responses lead to vascular 
destruction through the following pathways:

•	 Inflammatory infiltration and tissue destruc-
tion: Cytokines such as IL-1β, IL-18, and IFN-γ 
recruit large numbers of neutrophils, cytotoxic 
T cells, and macrophages to infiltrate the entire 
vascular wall (vasculitis) or localized areas 
(aneurysm). Activated immune cells release ROS, 
proteolytic enzymes (e.g., MMP-2, MMP-9), and 
granzymes, directly degrading elastic fibers and 
collagen, destroying the stable structure of the 
vascular media[184].

•	 Vascular smooth muscle cell dysfunction and 
apoptosis: Under the influence of inflammatory 
factors (e.g., TNF-α, IL-1β), contractile vSMCs 
switch to a synthetic/inflammatory phenotype, 
losing contractile function and secreting more 
inflammatory mediators. Concurrently, the 
inflammatory environment induces excessive 
vSMC apoptosis, causing the vascular wall to 
lose crucial structural support cells, a key step in 
aneurysm formation[185].

•	 ER stress as a potential amplifier of vascular 
wall inflammation: Chronic inflammatory and 
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metabolic stress can induce ER stress and activate 
the UPR, including PERK/CHOP and IRE1α/
XBP1 pathways. While initially protective, per-
sistent UPR activation promotes inflammatory 
signaling, oxidative stress, and apoptosis. ER 
stress-mediated CHOP activation contributes 
to vascular cell apoptosis. In contrast, dysregu-
lated XBP1 signaling modulates inflammatory 
responses, suggesting that ER stress serves as 
a molecular link between chronic inflamma-
tion, immune dysregulation, and vascular wall  
destruction[59,158].

•	 Pathological neoangiogenesis: In chronically 
inflamed conditions, pathological neovascular-
ization (vasa vasorum) appears in the vascular 
adventitia and thickened intima. These vessels 
have incomplete structures, are prone to rupture 
and hemorrhage, further exacerbating vascular 
wall inflammation and edema, forming a vicious 
cycle[186].

•	 Translational prospects: Detecting immune 
responses against specific microbes (e.g.,  
anti-P. gingivalis antibodies) or circulating PAMP 
levels may help identify individuals at high risk 
for vasculitis/aneurysm or assess disease activ-
ity[187]. This mechanism provides new therapeutic 
targets: aggressively treat periodontitis, manage 
gut health, and reduce the input of pathogenic 
PAMPs. Anti-IL-1β therapy (e.g., canakinumab) 
or IL-6 receptor antagonists (e.g., tocilizumab) 
have shown efficacy in some refractory large 
vessel vasculitis cases[188], indirectly validating 
the cytokine-driven pathological process. Drugs 
targeting intracellular inflammatory signaling 
pathways, such as Janus kinase (JAK) inhibitors, 
are also under investigation[189]. Exploring the 
modulation of microbiota (e.g., probiotics, preb-
iotics) to restore immune tolerance may become  
a long-term adjunctive management strategy. Vas-
culitis and aneurysm are extreme manifestations 
of microbiome network dysregulation. PAMPs 
from multiple ecological niches, including the 
oral cavity (represented by P. gingivalis) and 
gut, act as environmental triggers by aberrantly 
activating the intrinsic vascular wall immune 
system’s NLRP3 and other inflammatory path-
ways, leading to a severe local inflammation 

characterized by an IL-1β storm and mediated by 
neutrophil and cytotoxic T cell infiltration. This 
process leads to the destruction of vascular wall 
structural cells, degradation of the extracellular 
matrix, and pathological vascular remodeling. 
Future research needs to utilize multi-omics 
techniques to elucidate the precise association 
between specific microbial characteristics and 
different vasculitis/aneurysm subtypes, and 
explore precise prevention and treatment strate-
gies based on “anti-dysbiosis” and “anti-aberrant 
innate immune activation.”

Modifying factors: oral and lung inflammation 
as “accessory factors”

While the gut is a major driver, chronic inflammation 
from other ecological niches can act as important “acces-
sory factors,” exacerbating blood pressure fluctuations 
and target organ damage.

Oral cavity: periodontitis as a persistent inflammato-
ry burden

Periodontitis lesions continuously release IL-1β, IL-6, 
and TNF-α into circulation, leading to systemic low-
grade inflammation. These cytokines can directly impair 
vascular endothelial function, promoting oxidative 
stress and vasoconstriction[83]. Furthermore, recurrent, 
low-level bacteremia caused by periodontal pathogens 
(e.g., P. gingivalis) can continuously activate vascular 
and immune cells, maintaining a pro-inflammatory 
state. Observational studies consistently show that 
periodontitis is associated with hypertension prevalence 
and poor blood pressure control[190]. Effective periodontal 
treatment has been shown to modestly but significantly 
reduce systolic and diastolic blood pressure and improve 
endothelial function[88,191]. This indicates that removing 
this additional inflammatory source can alleviate the 
overall burden on the vascular system.

Lung: COPD and hypoxic vasoconstriction

Lung microbiota dysbiosis and chronic inflammation in 
patients with COPD lead to systemically elevated pro- 
inflammatory cytokines (e.g., IL-6)[192]. More impor-
tantly, chronic intermittent hypoxia caused by COPD 
is a powerful pressor stimulus. Hypoxia acutely causes 
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vasoconstriction by activating chemoreflexes and the 
sympathetic nervous system; long-term, it promotes 
endothelin-1 production and inhibits NO synthesis via 
hypoxia-inducible factor-1α, leading to pulmonary 
hypertension and systemic vascular remodeling[121]. 
COPD is a common comorbidity of secondary hyper-
tension and resistant hypertension. Its blood pressure 
fluctuations often correlate with the degree of hypoxia, 
and treating lung disease and improving oxygenation 
helps control blood pressure.

When gut-centric drivers (e.g., high salt diet-induced 
Th17 elevation) coexist with persistent inflammatory 
“accessory factors” from the oral cavity/lungs, additive 
effects may occur. For instance, a systemic inflammatory 
background might amplify the activating effect of high 
salt on immune cells, or reduce vascular responsiveness 
to antihypertensive drugs, collectively leading to more 
severe, harder-to-control hypertension.

The microbiome network model of hypertension is gut-
centric, with its core lying in diet (e.g., high salt)-induced 
dysbiosis and the subsequent reduction in protective 
metabolites (SCFAs, indole derivatives), which elevate 
blood pressure through dual immune (Th17/Treg 
imbalance) and neuroendocrine (sympathetic nervous 
system, RAAS) mechanisms. Chronic inflammation 
and hypoxia associated with oral periodontitis and 
lung diseases act as important “accessory factors,” 
modifying the severity and progression of hypertension 
by exacerbating systemic inflammation and vascular 
dysfunction[193,194]. This suggests that hypertension 
prevention and treatment require an integrated strategy: 
optimizing diet and targeting the gut microbiota, and 
actively managing oral health and respiratory system 
diseases to achieve comprehensive blood pressure and 
vascular health maintenance.

Thrombosis: exploring the impact of micro-
biota metabolites (e.g., TMAO) and systemic 
inflammation on platelet activity and coagu-
lation-fibrinolysis balance

Thrombosis is the ultimate endpoint of cardiovascular 
events, its occurrence depending on a delicate balance 
between platelet activity, coagulation factors, and the 
fibrinolytic system. Recent research has revealed that 

gut microbiome-derived metabolites, acting as systemic 
messengers, can profoundly influence this balance, 
encompassing both potent pro-thrombotic factors and 
crucial anti-thrombotic protective components.

Pro-thrombotic drivers: TMAO and systemic inflam-
mation

TMAO, produced by gut microbiota (e.g., Firmicutes 
species rich in cutC/D genes) metabolizing dietary 
choline/carnitine, is currently the most potent microbiota-
derived pro-thrombotic molecule. Its mechanisms 
extend beyond simple biomarker association: TMAO 
can promote intracellular calcium ion release within 
platelets (via specific membrane receptors or by inducing 
intracellular ROS production), significantly enhancing 
platelet aggregation induced by various agonists (e.g., 
collagen, adenosine diphosphate [ADP]), and making 
platelets more prone to forming dense, fibrin-rich 
thrombi[195]. TMAO can stimulate vascular endothelial 
cells and monocytes to express tissue factor, a key 
initiator of the extrinsic coagulation cascade[196]. Plasma 
TMAO levels are independently associated with both 
arterial thrombotic events (e.g., myocardial infarction, 
stroke) and venous thromboembolism risk, and can 
predict residual thrombotic risk in patients receiving 
antiplatelet therapy[197].

Chronic low-grade inflammation, triggered by mul-
ti-niche microbial dysbiosis (e.g., periodontitis, leaky 
gut), creates a “hypercoagulable state” through multiple 
pathways: Inflammatory cytokines (e.g., IL-1β, TNF-α) 
inhibit endothelial cell expression of thrombomodulin 
and endothelial protein C receptor, while inducing 
expression of von Willebrand factor and tissue fac-
tor, shifting the endothelium from an anticoagulant 
to a procoagulant surface[198]. Activated neutrophils 
release neutrophil extracellular traps (NETs), whose 
DNA backbone provides a scaffold for platelet and 
coagulation factor adhesion, and whose histones and 
myeloperoxidase directly damage endothelium and 
activate coagulation factor XII, driving the contact 
activation pathway[199]. IL-6 drives hepatic synthesis of 
acute phase proteins, including fibrinogen, increasing 
thrombus matrix concentration. Concurrently, inflam-
mation upregulates plasminogen activator inhibitor-1, 
inhibiting the fibrinolytic system[200].
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Anti-thrombotic protective factors

A healthy gut microbiome maintains vascular homeo-
stasis and normal coagulation balance by producing 
protective metabolites.

•	 SCFAs: Maintaining endothelial homeostasis and 
moderate inflammation. SCFAs (butyrate, propi-
onate, and acetate), produced by anaerobic bacteria 
(e.g., Faecalibacterium prausnitzii, Roseburia)  
fermenting dietary fiber, exert pleio-tropic 
protective effects: SCFAs enhance endothelial 
barrier function, inhibit pro-inflammatory factor 
expression, and maintain NO bioavailability by 
activating endothelial cell GPR41/43 receptors 
and inhibiting HDAC, thereby protecting the 
endothelium from procoagulant stimuli[64]. Emerg-
ing evidence suggests that SCFAs may participate 
in regulating platelet number and function by 
affecting megakaryocyte maturation and platelet 
production, though direct antiplatelet aggregation 
mechanisms require further elucidation[201].

•	 Indole derivatives: Stabilizing vessels via AhR sig-
naling. Indole-3-propionic acid and other indoles, 
produced by Lactobacillus and Bifidobacterium  
metabolizing tryptophan, are endogenous aryl 
hydrocarbon receptor ligands.

•	 Enhanced endothelial barrier: Upon activation, 
AhR signaling can strengthen tight junctions 
between endothelial cells, reducing the leakage of 
harmful substances and inflammatory cells, and 
maintaining the integrity of the vascular wall[202]. 
AhR signaling in immune cells can inhibit NLRP3 
inflammasome activation and promote regulatory 
T cell function, thereby systematically reducing 
the inflammatory burden that drives thrombo-
sis[163]. Notably, in renal insufficiency, indoxyl 
sulfate (a uremic toxin) produced via another 
tryptophan metabolic pathway becomes a potent 
pro-thrombotic uremic toxin, promoting throm-
bosis by inducing oxidative stress and endothelial 
dysfunction. This highlights the importance of the 
microbial metabolic “direction”[191].

Integrated perspective and clinical significance

Thrombotic risk essentially results from a dynamic 
interplay between “pro-thrombotic” (TMAO) and 
“protective” (SCFAs, indoles) metabolites produced  
by the gut microbiome, and between “systemic 
inflammation” triggered by multi-niche microbes and 
protective immune “regulation” by the gut. Combining 
plasma TMAO levels with SCFA-related microbiota 
abundance or protective metabolite levels may more 
accurately assess individual thrombotic risk than a 
single indicator. Reshaping the microbial metabolic 
network through targeted dietary changes (increasing 
dietary fiber, reducing red meat), prebiotics/probiotics 
(increasing SCFA- and indole-producing microbiota), 
or small molecule inhibitors (inhibiting microbial TMA 
lyase) has become a cutting-edge strategy for prevent-
ing thrombosis[203]. Concurrently, controlling distant 
inflammatory foci like periodontitis is also an important 
measure to reduce systemic inflammatory burden and 
hypercoagulable states. The microbiome profoundly 
and directly participates in the regulation of thrombosis 
through its metabolites. Pro-thrombotic factors such as 
TMAO and protective factors such as SCFAs and indole 
derivatives collectively act on platelets, endothelial 
cells, and the coagulation-fibrinolysis system, determin-
ing the tendency for thrombosis. This provides a new 
scientific basis for understanding thrombotic diseases 
at the level of “microbe-host metabolic interaction” and 
for developing novel anti-thrombotic strategies.

Translational prospects and challenges

The mechanistic insights described in previous sections 
provide the foundation for exploring microbiome-based 
biomarkers, risk assessment approaches, and therapeutic 
strategies in cardiovascular medicine.

Diagnostic and prognostic biomarkers: de-
coding circulating microbial “signals”

Circulating microbial metabolites: a direct readout of 
function

•	 TMAO: As the most established microbiota-de-
rived pro-atherogenic metabolite, plasma TMAO 
levels have been repeatedly validated in large 
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prospective cohorts as an independent predictor 
of major adverse cardiovascular events. Its pre-
dictive power surpasses traditional risk indicators 
and can identify patients with “residual risk” even 
after statin therapy[197,204]. Detecting its upstream 
precursors (γ-butyrobetaine, crotonobetaine) can  
further improve predictive accuracy[28]. Mechanis-
tically, TMAO directly contributes to pathogenesis 
by promoting platelet hyperreactivity, foam cell 
formation, and endothelial dysfunction, making it 
not just a biomarker but an intervenable patho-
genic link.

•	 Phenylacetylglutamine: Another metabolite pro-
duced by gut microbiota metabolism of aromatic 
amino acids is strongly associated with thrombo-
sis risk, adverse outcomes in heart failure, and 
all-cause mortality in chronic kidney disease 
patients. Its mechanism involves interfering with 
adrenergic receptor signaling[191].

Compared to harmful metabolites, low levels of circulat-
ing protective metabolites may also hold significant risk 
assessment value. Low plasma or fecal concentrations 
of butyrate and propionate are associated with hyper-
tension, insulin resistance, and increased systemic 
inflammation[201]. As GPR41/43 agonists and HDAC 
inhibitors, their deficiency implies an impairment of 
vascular anti-inflammatory and endothelial protective 
mechanisms. In addition to measuring microbial metab-
olites directly, downstream host signaling responses may 
provide complementary indicators of microbial func-
tional activity. Activation markers of the AMPK/SIRT1/
PGC-1α pathway, including phosphorylated AMPK,  
SIRT1 expression/activity, and PGC-1α-mediated mito-
chondrial regulation signatures, may serve as potential 
indicators of protective microbial functions, reflecting 
the capacity of microbiota-derived metabolites to main-
tain vascular metabolic homeostasis and endothelial 
resilience[62,63]. However, the short half-life and low 
concentration of SCFAs in blood, coupled with high 
detection technical requirements, are major challenges 
for their routine use as biomarkers. Reduced levels 
of protective indole-3-propionic acid and other AhR 
ligands are associated with atherosclerosis severity 
and endothelial dysfunction[205]. Conversely, in patients 
with renal insufficiency, elevated indoxyl sulfate (a 

uremic toxin) is a strong predictor of cardiovascular 
events and mortality[72]. This highlights the importance 
of monitoring the balance in tryptophan metabolic 
“shunting.” Metabolite profiles (e.g., TMAO/SCFA 
ratio, indole derivative profile) may better reflect the 
overall functional state of the microbiome than sin-
gle indicators, providing a more comprehensive risk  
assessment.

Microbial DNA and pathogen-specific antibodies: 
evidence of infection and translocation

•	 Circulating microbial DNA: Detecting cell-
free microbial DNA (cf-mbDNA) in plasma is a 
sensitive method for assessing microbial trans-
location and occult infections. Metagenomic 
sequencing can not only detect bacterial DNA 
but also identify its ecological niche of origin. 
For example, in patients with heart failure or 
aneurysm, microbial DNA originating from the 
gut (e.g., Enterobacteriaceae) or oral cavity (e.g., 
P. gingivalis, Fusobacterium nucleatum) can be 
detected in plasma[206]. Its abundance correlates 
with inflammation levels and prognosis. The 
presence of cf-mbDNA directly demonstrates 
functional impairment of niche barriers (leaky 
gut, oral epithelial breakdown) and systemic 
immune exposure, serving as active evidence 
driving chronic inflammation. However, clinical 
application of cf-mbDNA remains limited by 
several technical issues. Due to its extremely low 
abundance, detection is vulnerable to contamina-
tion during sample processing and sequencing, 
requiring strict quality control and standardized 
protocols. Moreover, although metagenomic 
sequencing can identify microbial signatures, 
accurately tracing their original ecological niche 
remains challenging, and the presence of micro-
bial DNA does not necessarily indicate viable 
microorganisms or active infection. Therefore, 
longitudinal validation and integration with func-
tional biomarkers are needed before cf-mbDNA 
can serve as a definitive indicator of microbio-
ta-driven cardiovascular pathology.

•	 Pathogen-specific antibodies: Serum antibody 
titers against specific pathogens reflect the host’s 
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long-term, cumulative immune exposure history. 
High levels of serum IgG antibodies against  
P. gingivalis gingipains or Aggregatibacter 
actinomycetemcomitans leukotoxin are inde-
pendently associated with coronary artery disease 
and stroke risk[207]. These antibodies are not only 
infection markers but may also contribute to vas-
cular damage through mechanisms like molecular 
mimicry. Antibody titers are relatively stable and 
easy to detect, making them suitable as surro-
gate markers for chronic, subclinical infectious 
burden in large-scale epidemiological studies. 
Nevertheless, antibody-based biomarkers also 
have limitations. They mainly reflect previous 
immune exposure rather than current microbial 
activity, and antibody persistence may obscure 
the temporal relationship between infection and 
disease development. In addition, host factors 
such as immune status, genetic background, and 
cross-reactive immune responses may influ-
ence antibody levels. Thus, pathogen-specific 
antibodies should be interpreted as indicators 
of cumulative microbial burden rather than 
direct evidence of active infection, and their 
clinical relevance requires confirmation through 
integration with sequencing and inflammatory  
biomarkers.

Multi-niche microbiota signature profiles: towards 
system biology assessment

Research has found that gut microbiota dysbiosis 
(e.g., reduced diversity, decreased butyrate-producing 
bacteria) and oral microbiota dysbiosis (enrichment 
of periodontal pathogens) often coexist, and both 
synergistically increase cardiovascular risk[26]. Con-
currently analyzing fecal and salivary microbiota may 
identify high-risk phenotypes with specific “gut-oral” co- 
dysbiosis patterns. Combining metagenomics (micro-
bial genes), metabolomics (circulating metabolites), and 
host immunomics (cytokines, antibodies) data, using 
machine learning algorithms, can build risk scoring 
systems with predictive power far exceeding single 
indicators[208]. For example, a model integrating high 
TMAO, low SCFAs, high anti-P. gingivalis antibodies, 
and specific gut microbiota gene signatures could more 
accurately identify vulnerable plaques or thrombotic 
patients.

Current status and challenges

Currently, plasma TMAO and specific pathogen anti-
bodies are at the forefront of translational application, 
with some already used for risk stratification in clinical 
studies, and TMAO detection kits are under develop-
ment. Most biomarkers remain correlational and require 
causal and disease-specific validation in prospective 
intervention studies. Metabolite detection methods (e.g., 
mass spectrometry), cf-mbDNA extraction and sequenc-
ing protocols, and antibody detection standards urgently 
need standardization. The microbiome and its metab-
olites are highly susceptible to short-term influences  
from diet and medications (especially antibiotics and 
PPIs); distinguishing between “state” and “trait” bio-
markers is a major challenge. Optimal healthy ranges  
for protective and harmful metabolites need to be defined 
in large-scale healthy populations.

Circulating microbial metabolites, represented by 
TMAO, SCFAs, and indole derivatives, along with 
cf-mbDNA and pathogen-specific antibodies, collec-
tively form a multi-layered, information-rich toolbox 
of biomarkers. They reveal the dynamic influence of 
the microbiome on the cardiovascular system from 
three dimensions: function, translocation, and immune 
memory. Despite challenges such as standardization and 
causal validation, integrating multi-niche, multi-omics 
data is expected to yield a new “microbiome risk score” 
for CVDs, transforming diagnostic and therapeutic 
models toward earlier, more precise, and more etiolo-
gy-driven approaches.

Targeted intervention strategies

Niche-specific precision intervention

•	 Gut interventions: Aim to reduce harmful prod-
ucts, increase protective metabolites, and reshape 
immune balance.

•	 Increase dietary fiber/prebiotics: Directly pro-
vide substrates for SCFA-producing commensal 
bacteria (e.g., Faecalibacterium prausnitzii, 
Roseburia). Randomized controlled trials show 
that supplementing inulin, fructooligosaccharides, 
etc., can significantly increase fecal butyrate 
levels, improve insulin sensitivity, and modestly 
lower blood pressure[209]. High-fiber diets (e.g., 
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whole grains, legumes, vegetables) are the most 
natural and effective strategy to boost SCFAs and 
reduce TMAO precursors.

•	 Limit red meat, egg yolks, and other high- 
choline/L-carnitine foods: Directly reduces 
the substrate supply for TMAO. Clinical trials 
confirm that vegetarian or Mediterranean die-
tary patterns can rapidly and significantly lower 
plasma TMAO levels[210].

•	 Next-generation probiotics: No longer limited 
to traditional Lactobacillus and Bifidobacterium,  
strains screened for specific functions are a hot 
topic. For example, certain Lactobacillus and 
Bifidobacterium strains have been shown to 
degrade TMAO precursor choline in vivo or 
enhance gut barrier function[211]. Indole-producing 
probiotics (e.g., certain Lactobacillus plantarum 
strains) are also under investigation, aiming to 
enhance AhR-mediated vascular protection.

•	 Synthetic microbiota communities: “Live 
biotherapeutic products” composed of multiple 
bacteria with defined complementary functions 
(e.g., containing SCFA producers, indole produc-
ers, and barrier-enhancing bacteria) are entering 
clinical trials, aiming for more stable and effective 
functional reshaping[212].

•	 Fecal microbiota transplantation (FMT): Still in 
the exploratory stage in cardiovascular medicine. 
Preliminary studies show that FMT from healthy 
donors to patients with metabolic syndrome can 
temporarily improve insulin sensitivity and alter 
recipient microbiota. However, its long-term 
safety, efficacy, and donor screening criteria are 
not yet clear; it is currently used more for studying 
causality than for routine treatment[213].

•	 TMA lyase inhibitors: Such as 3,3-dimethyl-
1-butanol and its derivatives, can specifically 
inhibit bacterial CutC/D enzymes, blocking TMA 
generation. In animal models, they effectively 
reduce TMAO and suppress atherosclerosis, and 
are in early clinical development[203].

•	 FXR/TGR5 agonists: Obeticholic acid and other 
FXR agonists are approved for primary biliary 
cholangitis. Their metabolic improvement and 
anti-inflammatory effects suggest potential value 
in CVDs, with relevant cardiovascular outcome 
trials underway[214].

•	 Oral interventions: Focus on controlling local 
inflammation and pathogen burden.

•	 Professional periodontal treatment: Including 
supragingival scaling, subgingival scaling, and 
root planing. High-quality randomized con-
trolled trials confirm that effective periodontal 
treatment not only improves local health but 
also significantly reduces systemic inflamma-
tory markers (e.g., hsCRP, IL-6) and improves 
vascular endothelial function[88]. For individuals 
with existing cardiovascular disease, periodontal 
treatment is considered an important adjunctive 
measure for secondary prevention.

•	 Antiseptic mouthwashes: Containing chlorhex-
idine or essential oils can assist in plaque control. 
Emerging research focuses on “oral probiotics,” 
such as lozenges containing Lactobacillus reuteri, 
aiming to inhibit periodontal pathogen coloni-
zation competitively. Preliminary results show 
improved gingival health and reduced pro-inflam-
matory mediators in saliva[215].

•	 Skin interventions: Prioritize active disease con-
trol. For psoriasis, AD, etc., actively controlling 
disease activity itself is a means to reduce cardio-
vascular risk.

•	 Systemic treatment and biologics: Using  
biologics targeting the IL-23/Th17 pathway 
(e.g., ustekinumab, guselkumab) or TNF-α (e.g., 
adalimumab) not only clears skin lesions but 
also significantly reduces systemic inflammatory 
markers in patients’ serum and has been prelim-
inarily observed to potentially reduce the risk 
of major adverse cardiovascular events[216]. This 
provides the strongest interventional evidence 
for “controlling local inflammation to improve 
systemic vascular outcomes.”

•	 Regular use of emollients: To maintain the skin 
barrier, reducing colonization and invasion oppor-
tunities for pathogenic bacteria like Staphylococcus  
aureus.

Holistic network regulation: anti-inflammatory  
dietary patterns

Given the dialogue between different niche microbiomes 
and their shared influence by similar dietary substrates, 
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adopting holistic dietary patterns is the most actionable 
and sustainable strategy for regulating the microbiome 
network.

•	 Mediterranean diet: As the gold standard for 
anti-inflammatory diets, its characteristics (rich in 
dietary fiber, polyphenols, Omega-3 fatty acids, 
moderate fermented foods, restricted red meat and 
processed foods) can positively impact multiple 
niches simultaneously: significantly increasing  
gut microbiota diversity, abundance of SCFA- 
producing bacteria, and circulating SCFA levels, 
while reducing TMAO[217]. Foods rich in polyphe-
nols (from olive oil, nuts, and red wine) have 
antimicrobial and anti-inflammatory properties 
that may help maintain oral microbiota balance. 
Through its anti-inflammatory and antioxidant 
properties, it directly reduces the vascular inflam-
matory burden. Large randomized controlled 
trials (e.g., PREDIMED) have confirmed that 
the Mediterranean diet significantly reduces the 
incidence of cardiovascular events in high-risk 
populations, with part of its benefit attributed to 
gut microbiota mediation[218].

•	 Dietary approaches to stop hypertension 
(DASH) diet: Emphasizing fruits, vegetables, 
whole grains, and low-fat dairy, it has also been 
shown to alter gut microbiota and lower blood 
pressure beneficially.

•	 Exercise-based microbiome modulation: Reg-
ular physical activity represents an important  
lifestyle intervention targeting the microbi-
ome–vascular axis. Exercise can enhance gut 
microbial diversity, increase SCFA-producing 
bacteria, and improve intestinal barrier function, 
thereby reducing microbial translocation and  
systemic inflammation. Moreover, exercise-in-
duced myokines, including IL-6 and irisin, can 
enhance AMPK/SIRT1/PGC-1α-mediated meta-
bolic regulation and improve endothelial function. 
Unlike chronic pathological IL-6 elevation, tran-
sient exercise-induced IL-6 promotes metabolic 
adaptation and immune regulation, providing a 
complementary mechanism to counteract micro-
biota-driven vascular injury[178,179].

Challenges

Despite promising prospects, the path to translation still 
faces challenges:

•	 Individual variability: Due to differences in 
baseline microbiota, genotypes, and lifestyles, 
individual responses to the same intervention 
(e.g., probiotics, dietary fiber) vary greatly. Future 
efforts require personalized recommendations 
based on microbiome characteristics.

•	 Causality and long-term outcomes: More large-
scale, long-term randomized controlled trials 
with hard endpoints (e.g., myocardial infarction, 
stroke) are needed to definitively prove whether 
adjusting specific microbes or their functions can 
prevent cardiovascular events.

•	 Standardization and safety: For FMT, live 
biotherapeutic products, and novel probiotics, 
clear efficacy evaluation standards and long-term 
safety monitoring systems need to be established.

A system of intervention strategies targeting the 
microbiome-vascular axis is taking shape. Clinically, a 
holistic anti-inflammatory pattern like the Mediterranean 
diet should be advocated as a foundation, combined with 
targeted niche management (e.g., treating periodontitis, 
controlling skin inflammation). At the research frontier, 
the focus is on developing next-generation probiotics  
and precise small-molecule metabolic enzyme inhibitors. 
Through such multi-level, personalized integrated 
interventions, we hope to truly transform microbiome 
science into a new generation of tools for improving 
cardiovascular health.

Unanswered questions and future directions

Causality confirmation: moving beyond association to 
mechanistic proof

Currently, the vast majority of evidence remains at 
the correlational level. To establish that microbiome 
changes are the cause, not merely a consequence, of 
cardiovascular disease, a dual breakthrough is required:

•	 Developing advanced humanized animal 
models: Traditional germ-free mouse models 
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colonized with human microbiota are insufficient 
to mimic the human multi-niche network. Future 
research needs to develop multi-niche humanized 
models, for example, by simultaneously colonizing 
mice with human oral and gut microbiota in their 
respective sites, and simulating perturbations 
like oral infections or high-salt diets. This would 
allow, under controlled conditions, the elucidation 
of complete causal chains demonstrating how 
specific bacterial species or metabolites (e.g., direct 
invasion by P. gingivalis or persistent exposure 
to TMAO) trigger endothelial dysfunction,  
hypertension, or plaque formation[219]. Such models 
are indispensable platforms for validating the 
“multiple hit” hypothesis and testing targeted 
interventions.

•	 Large-scale randomized controlled trials 
(RCTs): More large-scale, long-term RCTs with 
hard clinical endpoints (e.g., myocardial infarc-
tion, stroke) are needed. For example, RCTs 
on periodontal therapy (evaluating its effect on 
secondary prevention of cardiovascular events) 
and RCTs on small molecule inhibitors of micro-
biota metabolism (e.g., TMA lyase inhibitors for 
cardiovascular outcomes) will provide the most 
direct causal evidence[203]. Researchers should 
concurrently use genetic tools such as Mendelian 
randomization to assess potential causal relation-
ships between specific microbial characteristics 
and cardiovascular risk at the population level[220].

Network dynamics: deconstructing inter-niche  
“dialogue”

The human body is a continuous ecosystem, and the 
microbial communities in various niches are not isolated 
islands. They engage in active “cross-niche dialogue,” 
and their dynamic interactions are key to understanding 
overall network effects.

•	 Oral-gut axis: Billions of oral bacteria are 
swallowed daily, continuously “seeding” the 
gut. Research shows that colonization by perio-
dontal pathogens like P. gingivalis can alter gut 
microbiota composition, reduce SCFA-producing 
commensals, and exacerbate gut inflammation and 
barrier damage[27]. Conversely, systemic immune  

states driven by gut dysbiosis may also affect 
local oral immunity, forming a vicious cycle. 
Future longitudinal studies are needed to clarify 
the directionality of this influence, key mediators 
(live bacteria, bacterial vesicles, specific metabo-
lites, or inflammatory factors), and their specific 
contributions to systemic vascular inflammation.

•	 Gut-distant organ axis: Preliminary evidence 
suggests that gut microbiota influence distant 
organ health through metabolites and immune 
modulation. For example, gut-derived SCFAs 
may affect alveolar macrophage function via 
circulation; gut microbiota dysbiosis may influence 
the severity of skin diseases like psoriasis[221]. The 
existence of these axes implies that gut-targeted 
interventions may yield systemic benefits beyond 
metabolism, and their mechanisms urgently need 
elucidation.

•	 Spatiotemporal multi-omics: Developing spa-
tiotemporal multi-omics technologies that can 
simultaneously analyze microbial communities, 
metabolomes, and host immunomes from multi-
ple niches (e.g., collecting dental plaque, stool, 
and blood samples concurrently) at multiple time 
points is crucial for mapping dynamic interaction 
networks[23].

Individualization and precision medicine: from  
“averaged” data to personalized blueprints

The microbiome exhibits extreme inter-individual 
variability, meaning a “one-size-fits-all” intervention is 
bound to fail. The future direction is to leverage arti-
ficial intelligence and systems biology to achieve truly 
personalized management.

•	 Integrated multi-omics risk profiling: By 
integrating individual multi-niche metagenomics 
(oral, gut microbiota genes), blood metabolo-
mics (TMAO, SCFAs, indole derivatives, etc.), 
immunomics (cytokines, pathogen-specific anti-
bodies), and host genomics data, machine learning  
algorithms can build a multi-dimensional risk 
prediction model[208]. This model would not only 
more accurately predict an individual’s future car-
diovascular risk but also identify the predominant 
risk mechanisms (e.g., “high TMAO type,” “low 
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SCFA type,” “high oral pathogen load type,” or 
“mixed type”).

•	 Highly tailored intervention strategies: Clini-
cians can highly customize intervention strategies 
based on the risk profile above. For “high TMAO 
type” individuals, strict red meat diet restrictions 
may be recommended, along with considering 
CutC/D enzyme inhibitors or specific choline- 
degrading probiotics. Dietitians would emphasize 
high-fiber diets and supplementation with spe-
cific prebiotics/probiotics (e.g., Faecalibacterium 
prausnitzii-related preparations) for “low SCFA/
high inflammation type” individuals to increase 
protective metabolites. For “oral pathogen-driven 
type” individuals, intensified periodontal therapy 
and oral microbiota management would be cen-
tral. Clinicians can concurrently monitor dynamic 
changes in individual risk profiles before and 
after intervention to achieve a precise “assess- 
intervene-reassess” closed-loop management[222].

Beyond microbiota-directed interventions, targeting 
downstream innate immune pathways may provide an 
additional therapeutic strategy for microbiome-driven 
vascular diseases. The cGAS–STING pathway repre-
sents a potential novel target, as it integrates microbial 
DNA sensing, mitochondrial stress responses, and 
chronic inflammatory activation in vascular cells and 
macrophages. Pharmacological modulation of STING 
activity or inhibition of excessive downstream signaling 
may help reduce type I interferon responses, macrophage 
inflammatory polarization, and endothelial dysfunction 
while preserving essential host immune surveillance. 
Future studies should determine whether cGAS–STING 
inhibition can selectively suppress pathological vascu-
lar inflammation without compromising antimicrobial 
defense.

Research on the microbiome-vascular axis stands 
at the threshold of moving from phenomenology to  
mechanistic elucidation and precise intervention. 
The key to this breakthrough lies in adopting systems 
biology thinking and cutting-edge technological tools. 
By constructing complex causal models, elucidating 
cross-niche network dynamics, and leveraging AI to 
map individualized functional profiles, we aim to unlock 
all the mysteries of how the microbiome influences 

vascular health. This will not only catalyze novel 
diagnostic biomarkers and targeted therapies (such 
as next-generation probiotics, precision antimicrobial 
peptides, or metabolic enzyme modulators) but will 
fundamentally reshape the paradigm of cardiovascular 
disease prevention and management, shifting from 
“treating the sick” to “preventing illness based on 
ecological health.”

Conclusion

From “microbiome-vascular axis” to “sys-
temic ecological network”: a paradigm revo-
lution and future navigation in cardiovascular 
medicine

We stand on the brink of a revolution in cardiovascular 
disease understanding and prevention. The traditional 
“pipeline repair” model, which focused solely on the heart 
and vessels as targets, has reached its therapeutic limits 
due to its restricted ability to explain the fundamental 
drivers of disease. This review systematically unveils the 
human microbiome—a “spatially organized, functionally 
specialized systemic ecological network”—offering a 
groundbreaking, fundamental perspective to overcome 
this bottleneck. This is far more than discovering a few 
new risk markers or therapeutic targets; it is a profound 
paradigm shift from “treating downstream symptoms” 
to “regulating upstream ecology.”

Current research has successfully drafted a dynamic 
“eco-vascular” interaction landscape: The gut, as the 
“central metabolic and immune processor,” launches 
“metabolic attacks” via harmful metabolites like TMAO, 
while simultaneously building “protective shields” 
through short-chain fatty acids and indole derivatives. 
The oral cavity, functioning as the “outpost of direct 
invasion and chronic inflammation,” deploys “targeted 
strikes” by pathogens such as P. gingivalis. The skin 
and lungs act as “amplifiers of systemic inflammation,” 
continuously supplying inflammatory “fuel” via the 
IL-23/Th17 axis or hypoxia-inflammation cycles. The 
vaginal microecology reveals a unique, female-specific  
role as an “immune storm initiator” intimately linked 
to pregnancy-related vascular crises. Regardless of 
their origin, these signals ultimately converge on 
two major common pathways: systemic low-grade 
inflammation (centered on the NLRP3/IL-1β axis) and 
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immune-metabolic dysregulation (marked by Th17/
Treg imbalance and endothelial metabolic dysfunction). 
This explains why seemingly unrelated local ecological 
imbalances (e.g., periodontitis, psoriasis, irritable bowel 
syndrome) share similar cardiovascular risks. From 
precise modulation of gut metabolic output through diet 
and prebiotics, to eliminating inflammatory sources via 
periodontal treatment, and blocking specific cytokine 
storms using biologics, we already possess initial “niche-
specific” intervention tools. Holistic approaches like the 
Mediterranean diet further demonstrate the feasibility of 
benefiting cardiovascular health by shaping the overall 
microbiome environment. However, this landscape 
remains static, blurred, and fragmented. We view the 
microbiome as an “organ,” yet we have not fully grasped 
its operational rules as a “complex adaptive system.” 
Researchers must overcome this core challenge in the 
next decade.

A leap in deepening understanding: from “cor-
relation” to “causality” and “mechanism”

Future research must transcend mere association to 
establish causal chains in vivo using spatiotemporal 
multi-omics dynamic tracking. This requires:

•	 Developing “human eco-vascular” digital twin 
models: Integrating individual genomic, mul-
ti-niche longitudinal metagenomic/metabolomic/
immunomic data, and leveraging artificial intel-
ligence to construct predictive models capable 
of simulating quantitative relationships between 
microbiome network dynamics and vascular phe-
notype outputs. Such models could virtually test 
interventions and guide personalized solutions.

•	 Deconstructing the molecular language of 
“cross-niche dialogue”: Focusing on break-
throughs in axes like the “oral-gut axis” and 
“gut-skin axis.” It is crucial to determine whether 
live bacteria migration, bacterial vesicles, specific 
metabolites (e.g., succinic acid produced by oral 
microbiota affecting the gut), or remotely trained 
immune cells act as messengers. This demands 
the development of single-cell spatial transcrip-
tomics and metabolic imaging technologies to 
map microbial signals and host cell dialogues in 
situ within tissues.

A leap in precision control: from “single inter-
vention” to “ecosystem remodeling”

Future interventions will no longer be simple labels like 
“probiotics” or “antibiotics” but will involve “precision 
engineering” and “homeostatic remodeling” of the 
microbial ecosystem.

•	 Next-generation live biotherapeutics: Designing 
engineered probiotics with “sense-and-respond” 
capabilities. For example, engineering gut-colo-
nizing bacteria to real-time sense inflammatory 
markers (e.g., high calcium ions) and in situ 
express and release anti-inflammatory peptides 
or specific enzymes to degrade TMA precursors. 
Even envisioning the development of “immu-
nomodulatory probiotics” that can specifically 
target local inflammatory sites within the vascular  
wall.

•	 Precise application of phage therapy: For spe-
cific harmful bacteria implicated in cardiovascular 
disease (e.g., TMA-producing Firmicutes, peri-
odontal pathogens), developing highly specific  
phage cocktail therapies to achieve “precision 
weeding” without disrupting the overall ecosystem.

•	 Ecological perspective on small molecule drugs:  
Developers must systematically evaluate the 
long-term impact of drugs on multi-niche micro-
biomes. Future “cardiovascular protective drugs” 
may possess dual properties of improving host 
metabolism and promoting a beneficial microbial 
ecosystem.

A leap in preventive medicine paradigm:  
from “disease management” to “healthy  
ecosystems”

The greatest imagination lies in positioning microbiome 
health management as a core pillar of cardiovascular 
health management.

•	 “Microbiome-vascular health” lifelong records: 
Individuals would establish digital health records 
from youth, including key niche microbiota 
characteristics (oral, gut), metabolome profiles, 
and immune markers. Artificial intelligence 
would analyze these records to warn of vascular 
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ecological imbalance risks years before clinical 
indicators become abnormal.

•	 Personalized eco-nutrition: Based on an indi-
vidual’s microbiome functional characteristics 
(e.g., SCFA production capacity, TMA conversion 
efficiency), algorithms would generate entirely 
personalized dietary recommendations, enabling 
“eating for your microbes to protect your blood 
vessels.”

•	 Ecological interventions for environment and 
behavior: Systematically investigate how sleep, 
stress, exercise, and other factors specifically 
influence different niche microbiomes and their 
vascular effects, thereby developing comprehen-
sive “protect the heart by protecting the microbes 
first” lifestyle prescriptions.

In conclusion, we call upon the entire field to collectively 
move toward a new paradigm of “Vascular Ecological 
Medicine.” This requires:

•	 Interdisciplinary big science collaboration: Inte-
grating cardiovascular medicine, microbiology, 
immunology, computational science, bioengi-
neering, and nutrition to form interdisciplinary  
teams and launch a global “Human Vascular Eco-
system Project.”

•	 Regulatory and clinical pathway innovation: 
Promoting regulatory agencies to establish new 
evaluation frameworks for live biotherapeutics 
and microbiome-oriented therapies, incorporating 
“assessing and managing microbiome health” 
into standard primary and secondary prevention 
guidelines for CVDs.

•	 Public science and education: Elevating public 
awareness that “oral health is heart health” and 
“gut health impacts vascular longevity,” promot-
ing ecological maintenance measures such as oral 
hygiene and high-fiber diets to the same level of 
public health strategy as smoking cessation and 
blood pressure control.

The human microbiome is not a stranger to our car-
diovascular system but an intrinsic, interdependent 
“internal ecosystem.” Understanding and wisely utiliz-
ing this ecosystem means we are finally beginning to 
grasp and safeguard the health of the heart and blood 

vessels at the most fundamental level of life’s symbiotic 
relationships. This is not only the next wave of disease 
treatment, but also the starting point for building a new 
medical philosophy focused on maintaining health  
and preventing disease.
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