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Abstract

Hypertension is a major global health burden with high morbidity. Beyond traditional genetic and metabolic factors, increasing evidence shows 
that gut microbiota dysbiosis plays an important role in the development and progression of hypertension. Clinical studies have revealed that 
hypertensive patients display reduced microbial diversity, decreased abundance of short-chain fatty acid (SCFA)–producing bacteria, and en-
richment of pro-inflammatory taxa such as Prevotella and Klebsiella. These microbial alterations are associated with endothelial dysfunction, 
chronic inflammation, and activation of the sympathetic nervous system through the gut–brain and gut–kidney axis. Mechanistically, microbial 
metabolites such as SCFAs, lipopolysaccharide (LPS), and trimethylamine-N-oxide (TMAO) participate in blood pressure regulation by influencing 
vascular tone, immune responses, and renal sodium handling. Loss of SCFA-producing bacteria decreases nitric oxide bioavailability and impairs 
vasodilation, while accumulation of LPS and TMAO promotes vascular inflammation and oxidative stress. Disruption of intestinal barrier integrity 
further exacerbates systemic inflammation, creating a feedback loop that sustains elevated blood pressure. Therapeutically, modulation of gut 
microbiota through probiotics, prebiotics, dietary interventions, and fecal microbiota transplantation (FMT) has shown promising antihyperten-
sive effects in both animal and human studies. In addition, some antihypertensive drugs can remodel gut microbiota composition, suggesting po-
tential synergistic benefits of combined treatment. In conclusion, the gut microbiota serves as a key and modifiable factor in hypertension patho-
genesis. Understanding its mechanisms and therapeutic potential provides novel perspectives for developing microbiota-based and personalized 
strategies to improve blood pressure control and reduce cardiovascular risk.
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Gut Microbiota and Hypertension: 
From Pathogenesis to Therapeutic Potential

Introduction 

Hypertension is one of the most prevalent cardiovascular 
disorders worldwide, characterized by high morbidity. Hyper-
tension is one of the most prevalent cardiovascular disorders 
worldwide, characterized by high morbidity, disability, and 
mortality. According to the World Health Organization (WHO), 
approximately one-third of adults globally suffer from hyper-
tension, and this proportion continues to rise [1]. Hypertension 
is not only a major risk factor for myocardial infarction, stroke, 
and renal failure but also one of the leading causes of global 
disease burden. The pathogenesis of hypertension is complex 
and multifactorial, involving genetic predisposition, dietary 
habits, metabolic disturbances, and neurohumoral dysregula-
tion. In recent years, accumulating evidence has revealed that 
the interaction between the host and the gut microbiota plays 

a crucial role in the development and progression of hyperten-
sion [2].
A growing body of basic and clinical studies demonstrate a 
close association between hypertension and gut microbiota 
dysbiosis. Alterations in gut microbial composition may serve 
as an important causative factor for hypertension, while the 
hypertensive state and its related metabolic disturbances can 
in turn further modify gut microbial communities, forming a 
bidirectional and self-perpetuating cycle. Mechanistically, gut 
microbiota participate in blood pressure regulation through 
multiple pathways, including the production of short-chain fat-
ty acids (SCFAs), immune modulation, and the gut–brain and 
gut–kidney axis [3]. Conversely, hypertension-induced chronic 
inflammation, endothelial dysfunction, and disruption of the 
intestinal barrier exacerbate microbial imbalance, promoting 
the accumulation of pro-inflammatory metabolites such as 
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lipopolysaccharide (LPS) and trimethylamine-N-oxide (TMAO), 
which contribute to vascular injury and systemic inflammation 
[4-5].
Given the pivotal role of the gut microbiota in hypertension 
pathogenesis, targeting gut microbial homeostasis has 
emerged as a novel therapeutic strategy. In recent years, 
interventions such as probiotics, prebiotics, dietary modula-
tion, and fecal microbiota transplantation (FMT) have shown 
promising antihypertensive effects and good safety profiles in 
both animal models and early clinical trials [6]. Compared with 
conventional pharmacological treatments, microbiota-targeted 
approaches offer multi-target regulation, metabolic and im-
mune modulation, and the potential for long-term restoration 
of host homeostasis [7]. Therefore, this review systematically 
summarizes the relationship between gut microbiota and hy-
pertension from three major perspectives—clinical evidence, 
pathogenic mechanisms, and therapeutic interventions—to 
provide new insights and theoretical support for future preci-
sion prevention and treatment strategies.

Clinical Studies on Gut Microbiota and Hypertension
Accumulating clinical evidence supports a strong association 
between gut microbiota composition and blood pressure reg-
ulation in human populations. Large-scale cohort studies and 
cross-sectional analyses have consistently demonstrated that 
patients with hypertension exhibit reduced gut microbial diver-
sity, characterized by depletion of SCFAs–producing bacteria 
such as Faecalibacterium prausnitzii, Roseburia, and Akker-
mansia muciniphila, along with an enrichment of pro-inflam-
matory taxa including Prevotella, Klebsiella, and Enterobacter 
species [8]. These microbial alterations are associated with 
decreased circulating levels of SCFAs—key metabolites that 
exert vasodilatory, anti-inflammatory, and renoprotective ef-
fects—while pro-hypertensive metabolites such as TMAO and 
LPS are elevated, promoting endothelial dysfunction and sys-
temic inflammation. However, it is important to note that while 
SCFAs are generally associated with blood pressure reduction, 
certain SCFAs, especially acetate, may increase blood pressure 
under specific conditions, such as through the activation of 
the renin-angiotensin system or sympathetic nervous system 
[9]. This complexity in SCFA actions reflects the nuanced role 
of microbial metabolites in regulating blood pressure.
Notably, emerging longitudinal evidence suggests that gut mi-
crobiota dysbiosis may precede the development of hyperten-
sion rather than merely result from it. For instance, a longitu-
dinal study on hypertensive disorders in pregnancy conducted 
in a Chinese cohort analyzed gut microbiota at early, mid, and 
late gestational stages, revealing dynamic microbial shifts 
associated with blood pressure changes. The study found that 
alterations in specific genera, including Methanobrevibacter, 
correlated with the progression of gestational hypertension, 
suggesting a possible causal link between microbial imbal-
ance and hypertension onset [10]. Although this investigation 
focused on pregnancy-related hypertension—a distinct subtype 
from essential hypertension—its longitudinal design provides 
valuable evidence that microbiota alterations may precede the 
clinical onset of elevated blood pressure. Moreover, functional 
analyses indicated that changes in microbial metabolic activity 
may appear earlier than compositional shifts, supporting the 
hypothesis that microbial metabolism may be a more sensitive 
indicator of early hypertensive changes. Furthermore, FMT 

from normotensive donors to hypertensive patients has pro-
vided direct clinical evidence for microbiota-mediated blood 
pressure regulation. In a recent multicenter, randomized con-
trolled trial, oral capsule-based FMT led to a transient reduc-
tion of approximately 4 mmHg in systolic blood pressure after 
one week, accompanied by increased microbial richness and 
the restoration of beneficial taxa such as Akkermansia and Ad-
lercreutzia [6]. While these results highlight the potential thera-
peutic benefits of microbiota-targeted interventions, the antihy-
pertensive effect was not maintained over time, and the long-
term sustainability and efficacy of such interventions remain 
uncertain. These findings underscore the safety, feasibility, and 
therapeutic potential of microbiota-targeted interventions, yet 
challenges remain regarding their consistency and long-term 
outcomes.
In addition to FMT, dietary and probiotic interventions target-
ing gut microbial composition have also demonstrated blood 
pressure–lowering potential. Controlled clinical trials using 
Lactobacillus plantarum, Bifidobacterium breve, and dietary 
fiber supplementation have reported modest but significant re-
ductions in both systolic and diastolic blood pressure, particu-
larly in patients with metabolic syndrome or mild hypertension 
[11-12]. However, the effects of probiotics are often strain-spe-
cific, and their colonization in the gut tends to be transient, 
which limits their long-term impact. Collectively, these findings 
underscore the clinical relevance of gut microbial dysbiosis in 
hypertension and highlight the potential of microbiota-target-
ed strategies as adjunctive or alternative therapeutic options. 
However, current microbiota interventions typically yield more 
modest blood pressure reductions compared to conventional 
medications, and their long-term safety, efficacy, and ethical 
considerations, especially in FMT, require further exploration. 
Future large-scale, longitudinal, and mechanistic studies are 
needed to establish causality, identify microbial biomarkers 
predictive of treatment response, and optimize personalized 
microbiota-based interventions for long-term blood pressure 
control.

Mechanistic Insights
The gut microbiota contributes to blood pressure regulation 
through multiple interconnected mechanisms that involve met-
abolic, immunological, and neurohumoral pathways. Among 
these, SCFAs metabolism, immune and inflammatory modula-
tion, the gut–brain axis, and the gut–kidney axis represent the 
four major mechanistic routes linking intestinal microbes to 
hypertension pathogenesis (Figure 1).

SCFAs and Vascular Regulation
SCFAs—primarily acetate, propionate, and butyrate—are key 
metabolites produced by bacterial fermentation of dietary fi-
bers. These molecules exert antihypertensive effects through 
several mechanisms, including activation of G-protein–cou-
pled receptors (GPR41, GPR43, and Olfr78), enhancement of 
endothelial nitric oxide synthase (eNOS) activity, and suppres-
sion of systemic inflammation. SCFAs can induce vasodila-
tion by stimulating endothelial nitric oxide (NO) production 
and reducing oxidative stress [13]. Clinical and experimental 
studies have shown that hypertensive individuals and animal 
models exhibit reduced fecal and plasma SCFAs levels, mainly 
due to decreased abundance of SCFAs-producing genera such 
as Roseburia, Coprococcus, and Faecalibacterium [14]. Resto-
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Figure 1. Gut microbiota and hypertension. Hypertension is associ-
ated with gut microbiota dysbiosis, characterized by reduced micro-
bial diversity, depletion of short-chain fatty acid (SCFA)–producing 
bacteria (e.g., Faecalibacterium prausnitzii, Roseburia, Akkermansia 
muciniphila), and enrichment of pro-inflammatory taxa (e.g., Prevotel-
la, Klebsiella). These alterations promote elevated levels of lipopoly-
saccharide (LPS) and trimethylamine-N-oxide (TMAO) and decreased 
SCFAs, leading to endothelial dysfunction, chronic inflammation, and 
sympathetic activation via the gut–brain and gut–kidney axis, thereby 
sustaining elevated blood pressure. Restoring microbial homeostasis 
through probiotics, prebiotics, dietary interventions, and fecal micro-
biota transplantation, alone or in combination with antihypertensive 
drugs, represents a promising therapeutic strategy for blood pressure 
control.

ration of SCFAs levels through dietary fiber supplementation or 
probiotic intervention has been demonstrated to lower blood 
pressure, underscoring the central role of microbial-derived 
metabolites in vascular homeostasis. However, the effects of 
SCFAs are context dependent and receptor specific. Although 
many studies report antihypertensive effects of short chain 
fatty acids, particularly propionate and butyrate, other evidence 
suggests that certain SCFAs may raise blood pressure under 
specific conditions. For example, acetate can activate the ol-
factory receptor Olfr78, promoting renin release and potentially 
increasing blood pressure via the renin–angiotensin system 
and sympathetic stimulation. This dual action highlights the 
nuanced regulatory role of SCFAs in cardiovascular physiology.

Immune and Inflammatory Modulation
Gut microbiota profoundly influence systemic immune tone 
and inflammatory status, both of which are closely associated 
with hypertension. Dysbiosis can promote intestinal barrier 
disruption and translocation of microbial components such as 
LPS into the circulation, activating toll-like receptor 4 (TLR4) 
signaling and inducing chronic low-grade inflammation. This 

process leads to increased production of pro-inflammatory 
cytokines including IL-6, TNF-α, and IL-17, which contribute 
to endothelial dysfunction, vascular remodeling, and elevated 
peripheral resistance [5]. Experimental studies in germ-free 
and antibiotic-treated hypertensive mice have shown that res-
toration of commensal bacteria attenuates inflammation and 
normalizes blood pressure, indicating that microbial-driven 
immune dysregulation is a key pathogenic mechanism in hy-
pertension [15].

The Gut–Brain Axis
The gut–brain axis represents a bidirectional communication 
system between the gastrointestinal tract and central nervous 
system that modulates autonomic control of blood pressure. 
Microbial metabolites such as SCFAs, TMAO, and neurotrans-
mitter-like molecules (e.g., γ-aminobutyric acid, serotonin) can 
cross the intestinal barrier and influence neuronal signaling. 
These signals interact with both the central and peripheral ner-
vous systems, including pathways such as the vagus nerve, en-
teric nervous system, and hypothalamic-pituitary-adrenal (HPA) 
axis, which together regulate autonomic tone and vascular 
function. Dysbiosis enhances sympathetic nervous system ac-
tivity via vagal afferents and hypothalamic inflammation, par-
ticularly within the paraventricular nucleus, thereby increasing 
vascular tone and sustaining hypertension [16]. However, the 
effects of microbial metabolites on blood pressure regulation 
are complex and receptor-specific. For instance, while some 
microbial metabolites such as butyrate exert antihypertensive 
effects, others like acetate, through activation of Olfr78, may 
increase blood pressure by promoting renin release and sym-
pathetic activation. This dual action highlights the nuanced 
regulatory role of the gut microbiota in cardiovascular physiol-
ogy. Studies have shown that antibiotic-induced modulation of 
gut microbiota reduces sympathetic output and lowers blood 
pressure, further supporting the contribution of gut–brain 
communication to hypertension pathophysiology [17]. Thus, 
while interventions targeting the gut–brain axis show poten-
tial, their long-term effectiveness and safety in humans remain 
unclear, and further studies are needed to elucidate the exact 
mechanisms and identify personalized therapeutic strategies.

The Gut–Kidney Axis and Sodium Homeostasis
The gut–kidney axis has emerged as another important path-
way linking microbiota to hypertension, primarily through reg-
ulation of sodium balance, renal inflammation, and oxidative 
stress. Microbial metabolites can influence renal expression 
of sodium transporters such as NHE3 and ENaC, affecting 
sodium reabsorption and blood pressure. Moreover, elevated 
TMAO levels, commonly observed in hypertensive individuals, 
promote renal fibrosis and impair pressure natriuresis [18-19]. 
Conversely, SCFAs such as acetate and propionate enhance 
renal vasodilation and natriuresis via activation of GPR41/43, 
contributing to blood pressure reduction. These findings high-
light that gut microbiota act as a metabolic–endocrine inter-
face that modulates renal function and systemic hemodynam-
ics.
However, evidence from human studies is still limited, and the 
relative contribution of gut derived metabolites to chronic kid-
ney changes in hypertension requires further mechanistic and 
longitudinal investigation. In summary, the gut microbiota ex-
erts multifaceted effects on blood pressure regulation through 

A
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metabolic, immune, neurogenic, and renal pathways. Dysbiosis 
can disrupt this homeostatic network, leading to increased 
vascular resistance, inflammation, sympathetic activation, and 
altered sodium handling. Understanding these mechanisms 
provides a theoretical foundation for microbiota-targeted 
therapies aimed at restoring host–microbe equilibrium and 
achieving long-term blood pressure control, but the translation 
of preclinical findings to consistent clinical outcomes remains 
a major challenge.

Interactions Between Mechanisms
The mechanisms through which gut microbiota regulate 
blood pressure are highly interconnected, creating a complex 
network that influences cardiovascular homeostasis. SCFAs, 
for example, not only promote vasodilation by stimulating 
endothelial nitric oxide production but also modulate immune 
responses by reducing pro-inflammatory cytokine production. 
This immune modulation can affect sympathetic nervous sys-
tem activity via the gut–brain axis, altering vascular tone and 
contributing to blood pressure regulation. Additionally, micro-
bial metabolites like TMAO can exacerbate vascular inflam-
mation and fibrosis, leading to increased vascular resistance 
and elevated blood pressure. The gut–kidney axis also plays 
a role, as SCFAs activate receptors such as GPR41/43 in the 
kidneys to enhance natriuresis and reduce sodium retention, 
thereby helping to lower blood pressure. These interconnected 
pathways highlight the multifactorial nature of hypertension, 
suggesting that altering one mechanism, such as increasing 
SCFAs, can affect multiple systems involved in blood pressure 
control, from the vasculature to the nervous system and kid-
neys. Understanding these interactions points to the need for 
integrated therapeutic approaches that target multiple path-
ways simultaneously.

Therapeutic Strategies and Future Directions

Given the multifactorial role of the gut microbiota in hyperten-
sion pathogenesis, targeting the intestinal microecosystem 
has emerged as a promising therapeutic approach. Current 
interventions focus on restoring microbial diversity, enhancing 
beneficial metabolites such as  SCFAs, and suppressing pro-in-
flammatory or pro-hypertensive pathways. These strategies 
include probiotics and prebiotics, dietary modulation, FMT, 
and pharmacological–microbiota interactions, which together 
represent the evolving frontier of microbiota-based therapy for 
hypertension.

Probiotics, Prebiotics, and Dietary Interventions
Numerous clinical and experimental studies have demonstrat-
ed that probiotics can modestly but significantly reduce blood 
pressure, especially in patients with mild hypertension or met-
abolic syndrome. Supplementation with strains such as Lac-
tobacillus plantarum, L. helveticus, and Bifidobacterium breve 
has been shown to improve endothelial function, enhance 
SCFA production, and reduce oxidative stress [20]. However, 
the effects of probiotics are strain-specific, and the coloniza-
tion of beneficial bacteria is often transient, which limits their 
long-term efficacy. Moreover, the effects observed in clinical 
trials are often modest compared to conventional pharmaco-
logical treatments. Meta-analyses suggest that multi-strain 

probiotic formulations administered for more than eight weeks 
yield the most pronounced antihypertensive effects. Yet, there 
is significant variability in the outcomes, and the long-term 
safety of these interventions remains unclear. Prebiotics—
mainly nondigestible fibers like inulin and fructooligosaccha-
rides—promote the growth of beneficial bacteria and increase 
SCFA synthesis, indirectly contributing to vasodilation and im-
proved metabolic homeostasis [12]. Although prebiotics show 
promise, their effects can be influenced by diet and individual 
microbiome composition, making the outcomes more variable. 
Dietary interventions emphasizing high fiber, polyphenol-rich 
foods (e.g., fruits, vegetables, whole grains), and reduced salt 
intake have similarly been associated with favorable microbial 
remodeling and improved blood pressure control, further sup-
porting the role of diet–microbiota interactions in hypertension 
management [21]. However, these dietary interventions are not 
universally effective, as some individuals may not respond ad-
equately due to differences in gut microbiome composition or 
metabolic factors.

FMT
FMT represents a direct and powerful method for restoring 
gut microbial diversity. Clinical trials and animal studies have 
shown that transferring microbiota from normotensive do-
nors to hypertensive recipients can reduce both systolic and 
diastolic blood pressure. Mechanistically, FMT reestablishes 
a balanced microbial community, increases SCFA-produc-
ing taxa, and decreases pro-inflammatory species such as 
Eggerthella lenta and Erysipelatoclostridium ramosum [22]. 
However, the effects of FMT are variable, and the therapeutic 
benefits observed in some trials have not been consistently re-
produced in others. The transient nature of its effects, as seen 
in the first multicenter, randomized, placebo-controlled trial of 
FMT capsules, suggests that FMT may not provide long-term 
blood pressure control, and the observed reductions in systolic 
blood pressure (~4 mmHg) may be modest compared to con-
ventional antihypertensive therapies. Despite these challenges, 
the trial demonstrated transient reductions in systolic blood 
pressure and improvements in microbial diversity, supporting 
the concept of microbiota manipulation as a viable therapeutic 
strategy [6]. Nonetheless, the clinical applicability of FMT is 
limited by several factors, including the complexity of donor-re-
cipient matching, the safety concerns regarding long-term use, 
and the potential ethical issues surrounding the procedure. 
Future research should focus on optimizing FMT protocols, 
such as donor selection, delivery route, dosing frequency, and 
the development of next-generation standardized microbial 
consortia for targeted and reproducible effects. Additionally, 
further studies are needed to establish the long-term safety, 
efficacy, and clinical relevance of FMT in diverse patient popu-
lations.

Pharmacological–Microbiota Interactions
An emerging area of research highlights the bidirectional 
interactions between antihypertensive drugs and gut micro-
biota. Several medications, including angiotensin receptor 
blockers (e.g., irbesartan) and calcium channel blockers, have 
been found to modulate microbial composition by enriching 
beneficial genera like Lactobacillus and Akkermansia, poten-
tially augmenting their blood pressure–lowering effects [23]. 
However, the effects of antihypertensive drugs on microbiota 
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composition are not fully understood, and the long-term con-
sequences of these changes remain uncertain. Additionally, 
while some studies suggest that these microbiota changes 
could amplify the blood pressure–lowering effects of medica-
tions, the overall clinical impact is still debated, as microbiota 
modulation could also lead to unexpected side effects. Con-
versely, gut microbiota can metabolize and alter the bioavail-
ability or efficacy of certain antihypertensive drugs through 
enzymatic modifications. For example, certain microbial popu-
lations may enhance or reduce the absorption of specific med-
ications, thus influencing their therapeutic outcomes. These 
reciprocal interactions suggest that combining pharmacologi-
cal treatments with microbiota-targeted approaches may yield 
synergistic therapeutic outcomes [24]. Nevertheless, these 
interactions are highly individual, and the variability in patient 
responses due to differences in microbiota composition pos-
es a challenge for the widespread clinical implementation of 
microbiota-targeted therapies. Understanding these interac-
tions at the metabolic and genomic levels will be essential for 
developing precision medicine strategies tailored to individual 
microbial profiles.

Personalized Microbiota-Based Therapies and Future Outlook
The heterogeneity of gut microbiota across individuals and 
populations poses both challenges and opportunities for 
personalized hypertension management. Advances in metag-
enomics, metabolomics, and artificial intelligence–driven 
modeling now allow the identification of microbial biomarkers 
predictive of therapeutic response. However, the variability in 
microbiota profiles between individuals complicates the devel-
opment of standardized interventions, and the predictive pow-
er of microbial biomarkers for treatment outcomes remains 
inconsistent. Integration of multi-omics data can help design 
individualized interventions combining probiotics, diet, and 
pharmacotherapy to achieve sustained blood pressure control. 
Moreover, sex-specific differences in microbiota composition 
and hormonal influences on microbial metabolism warrant 
further exploration to refine personalized treatment strategies.  
These differences could affect how individuals respond to 
both dietary and pharmacological interventions, highlighting 
the need for gender-specific therapeutic approaches. Future 
research should also investigate the long-term safety, efficacy, 
and regulatory frameworks for microbiota-based therapies, as 
well as addressing ethical concerns related to microbiota ma-
nipulation, such as donor-recipient matching for FMT. Ensuring 
their clinical translation into standardized care for hyperten-
sion will require rigorous clinical trials and evidence-based 
guidelines to overcome the challenges associated with individ-
ual variability and treatment consistency.

Conclusion

In conclusion, gut microbiota represent a dynamic and mod-
ifiable determinant of blood pressure regulation. Restoring 
microbial homeostasis through dietary, probiotic, and micro-
bial transplantation strategies provides a novel avenue for hy-
pertension management beyond traditional pharmacological 
approaches. While current evidence underscores promising 
short-term benefits, the long-term efficacy of these interven-
tions remains uncertain, and significant individual variability 

complicates the establishment of universal treatment proto-
cols. Long-term safety, optimal dosage, and the risk of adverse 
effects in different populations require further investigation. 
Additionally, the mechanistic complexities of how gut micro-
biota influence blood pressure, including their interactions 
with other physiological systems and the host’s genetic and 
environmental factors, remain to be fully understood. The in-
tegration of microbiome science with precision medicine and 
systems biology will be instrumental in developing targeted, 
sustainable, and patient-specific therapeutic solutions for hy-
pertension, ultimately contributing to improved cardiovascular 
outcomes and global health. However, to translate these find-
ings into clinical practice, future research must address the 
gaps in our understanding of microbiota-based therapies and 
overcome the challenges of individual variability, therapeutic 
consistency, and long-term clinical validation.
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