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Abstract
Excessive salt intake is one of the major risk factors for hypertension and cardio-
vascular disease. Salt-sensitive blood pressure (SSBP) exists in the population,
and its impact on blood pressure is greater in hypertensive patients than in nor-
motensive individuals. In recent years, in-depth studies on the gut microbiota
have revealed significant connections among gut microbiota, blood pressure, and
salt intake, with gut microbiota playing a crucial role in the onset and progres-
sion of SSBP. In this review, we will explore the potential mechanisms by which
a high-salt diet induces dysregulation of gut microbiota and its metabolites and
immune cell involvement in SSBP, providing a novel perspective for the preven-
tion and treatment of SSBP through modulating gut microbiota homeostasis
and associated immune-inflammatory pathways.
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Abstract

Excessive salt intake is one of the major risk factors for hypertension and cardio-
vascular disease. Salt-sensitive blood pressure (SSBP) exists in the population
and has a greater impact on blood pressure in hypertensive patients than in
normotensive patients. In recent years, in-depth research on the gut microbiota
has demonstrated a significant relationship between gut microbiota, blood pres-
sure, and salt intake, revealing that gut microbiota plays an important role
in the occurrence and development of salt-sensitive blood pressure. In this re-
view, we explore the possible mechanisms by which a high-salt diet leads to
dysregulation of gut microbiota and its metabolites, as well as the involvement
of immune cells in SSBP, providing new insights into the prevention and treat-
ment of SSBP through modulation of gut microbiota homeostasis and associated
immune-inflammatory pathways.
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Introduction
Hypertension is one of the major risk factors for cardiovascular events and rep-
resents an increasingly heavy medical burden. Recent survey data[1] show that
the prevalence of hypertension in China is generally increasing, and its inci-
dence is closely related to dietary habits and lifestyle. High salt intake is one
of the major external risk factors for hypertension and cardiovascular disease[2].
A meta-analysis[3] demonstrated that salt restriction can lower blood pressure
and reduce the annual incidence of new coronary heart disease and stroke cases
in the United States by 20%. However, a major problem with excessive salt
intake is the existence of salt-sensitive blood pressure (SSBP) in a large number
of normotensive and hypertensive subjects. SSBP is an independent risk factor
for cardiovascular disease mortality. Over the past decades, numerous studies
have investigated the pathogenesis of SSBP, including the renin-angiotensin-
aldosterone system, sympathetic nervous system, insulin resistance, endothe-
lin, nitric oxide, reactive oxygen species, and dopamine, yet much remains un-
known. In recent years, substantial research has established a potential link
between gut microbiota and blood pressure, with dietary salt intake being one
of the triggering factors. Mell et al.[4] first demonstrated in Dahl salt-sensitive
and salt-resistant rats that dietary salt could regulate blood pressure through
gut microbiota. Several recent studies[5-7] have confirmed that gut microbiota
and immune cells can sense Na+, leading to inflammation and hypertension.
Given the clear connection between sodium, gut microbiota, and hypertension,
understanding the effects of sodium on gut microbiota and blood pressure is
imperative.

Salt intake can alter the composition and function of gut microbiota. Mell et
al.[4] confirmed that high salt regulates blood pressure in a gut microbiota-
dependent manner. High-salt diet reduces the abundance of Lactobacillus
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species, leading to decreased levels of indole-3-lactic acid (ILA), which normally
inhibits TH17 cell activation, thereby causing TH17 cell activation and elevated
blood pressure. When mice return to a normal diet, Lactobacillus levels nor-
malize and blood pressure decreases. Administration of Lactobacillus murinus
to salt-sensitive rats fed a high-salt diet significantly reduces their blood
pressure (BP) and inhibits TH17 cell activation[8]. These findings suggest the
existence of a salt-Lactobacillus-SSBP regulatory mechanism. Lactobacillus has
anti-inflammatory effects, inhibits pathogen growth and Th17 cell activation,
and modulates gut microbial structure and composition, conferring benefits to
the host. In addition to Lactobacillus, Clostridium species have also been shown
to be greatly affected by high salt. Bier et al.[9] demonstrated in salt-sensitive
rats that Christensenellaceae, Eubacteriaceae, and Anaerofustis (all subgroups
of Clostridium) were positively correlated with BP under high-salt diet (HSD),
while the genus Anaerostipes was negatively correlated with BP. Wang et al.[10]
observed that during an 8-week high-salt diet, the Firmicutes/Bacteroidetes
ratio, Lachnospiraceae, and Ruminococcus increased, exacerbating colitis in
mice. When mice were fed a normal-salt diet, greater within-group differences
in bacterial species were observed, indicating that high-salt diet is associated
with lower microbial diversity and that bacterial species have different salt
tolerance.

The sodium/hydrogen exchanger 3 (NHE3) is present in renal proximal tubules
and the gastrointestinal tract, regulating sodium and water absorption[11]. The
intestinal mucosa is the first and primary site of excess salt absorption. Sodium
is highly absorbed in the colon via NHE3. Linz et al.[12] demonstrated that in
spontaneously hypertensive rats, administration of NHE3 inhibitors increased
fecal sodium and water content, reduced urinary sodium excretion, and lowered
blood pressure. Two studies in NHE3 knockout mice[13,14] found altered gut
microbiota composition and diversity (i.e., decreased Firmicutes/Bacteroidetes
ratio) and reduced blood pressure. These results suggest that gut microbiota
likely participates in systemic salt uptake and responds to salt-sensitive blood
pressure.

High-salt diet promotes changes in the intestinal microecological environment,
leading to gut microbiota dysbiosis. The resulting metabolites can trigger chain
reactions, creating a vicious cycle that severely affects blood pressure. Gut
microbiota metabolites include short-chain fatty acids (SCFAs), trimethylamine-
N-oxide (TMAO), bile acids (BAs), hydrogen sulfide (H2S), tryptophan (Trp),
among others. The possible mechanisms by which these metabolites contribute
to salt-sensitive blood pressure are described below.

2.1 Short-Chain Fatty Acids (SCFAs) Pathway

Under high-salt conditions, concentrations of SCFAs (such as acetate, propi-
onate, and butyrate) change. Animal model studies[15,16] have shown that
SCFAs can lower blood pressure. For instance, in spontaneously hypertensive
rats (SHR) and deoxycorticosterone acetate (DOCA)-salt rats, high-fiber diet
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and acetate and propionate supplementation significantly reduced blood pres-
sure levels. Chen et al.[17] found that salt reduction increased circulating SCFAs
in humans, which influenced the gut microbiota. Increased SCFA levels, in turn,
lowered blood pressure and improved arterial compliance. This may be because
low-salt diet affects gut microbiota in hypertensive patients, as almost all cir-
culating SCFAs originate from gut microbiota. Research has shown[18] that
SCFAs bind to different G protein-coupled receptors (GPCRs), exerting varied
effects on blood pressure regulation, primarily including G protein-coupled re-
ceptor 41 (GPR41), G protein-coupled receptor 43 (GPR43), G protein-coupled
receptor 109A (GPR109A), and olfactory receptor 78 (Olfr78). Natarajan et
al.[19] confirmed in animal experiments that GPR41 is mainly expressed in vas-
cular endothelial cells, and binding with propionate causes vasodilation and
lowers blood pressure. Another study[20] showed that GPR41 is also expressed
in sympathetic ganglia in mice and humans, and SCFAs activate the sympa-
thetic nervous system via the GPR41/G𝛽𝛾/PLC𝛽/MAPK signaling pathway,
promoting ERK1/2 phosphorylation to regulate blood pressure. Additionally,
SCFAs activate the GPR43 receptor, which can repair intestinal epithelium[21]
and reduce inflammatory immune responses[22], both of which have positive
effects on blood pressure. Olfr78 is expressed in blood vessels and renal affer-
ent arterioles (smooth muscle cells); SCFAs binding to Olfr78 promote renin
secretion and increase blood pressure[15]. GPR109A is expressed in the ros-
tral ventrolateral medulla, and activation by its ligand niacin in immune cells
increases Ca2+ levels, which induces glutamate release and oxidative stress in
central blood pressure regulatory nuclei, leading to elevated blood pressure[23].

2.2 Trimethylamine N-Oxide (TMAO) Pathway

Gut microbiota metabolizes foods rich in phosphatidylcholine, choline, and L-
carnitine into trimethylamine (TMA), which enters the portal circulation and
is oxidized by flavin monooxygenases (primarily the FMO3 isoform) in the liver
to produce TMAO[24]. Previous studies in animals and humans[18] have eluci-
dated the role of TMAO in promoting atherosclerosis, thrombosis, heart failure,
insulin resistance, and kidney disease, all of which are predisposing factors for
hypertension. In endothelial and smooth muscle cells, TMAO rapidly activates
mitogen-activated protein kinase (MAPK) and nuclear factor kB (NF-kB) to
promote expression of adhesion molecules such as intercellular adhesion molecule
(ICAM) and E-selectin. Furthermore, TMAO can promote fibrosis in the heart
and kidneys through the transforming growth factor 𝛽 (TGF𝛽)-phosphorylation-
SMAD3 signaling axis[25].

An animal study[26] demonstrated that compared with rats infused with an-
giotensin II (AngII) alone, rats infused with AngII + TMAO showed a prolonged
hypertensive response. Liu et al.[27] confirmed that Lactobacillus rhamnosus
GG strain mitigated the development of obstructive sleep apnea-induced hyper-
tension under high-salt diet by regulating TMAO levels and CD4 T cell-induced
type I inflammation. Recent human research[28] indicates that TMAO induces
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aortic stiffness and increases systolic blood pressure with aging. Jiang et al.[29]
recently revealed that TMAO promotes AngII-induced vasoconstriction through
the PERK/ROS/CaMKII/PLC$�$3 axis pathway.

2.3 Bile Acids (BAs) Pathway

Bile acids act as endocrine-like signaling molecules, participating in lipid
metabolism, accelerating energy expenditure, delaying atherosclerosis, in-
hibiting inflammation, regulating microbiota homeostasis, and protecting the
intestinal barrier[30]. Primary bile acids are converted to secondary bile acids
by specific gut microbiota. Primary bile acids such as chenodeoxycholic acid
(CDCA) and cholic acid (CA) are synthesized from cholesterol in the liver
and conjugated with glycine (in humans) or taurine (in humans and mice).
They are released into the intestine during feeding to promote absorption
of fat-soluble vitamins, and more than 95% are reabsorbed at the terminal
ileum. Unabsorbed bile acids are metabolized by gut microbiota in the colon to
secondary bile acids such as deoxycholic acid (DCA) and lithocholic acid (LCA),
which become signaling ligands for various receptors including Farnesoid X
receptor (FXR), G protein-coupled bile acid receptor 1, and vitamin D receptor
(VDR)[30]. Studies have shown that bile acids can influence gut microbiota
structure, and conversely, gut microbiota affects bile acid metabolism, high-
lighting the interrelationship of the gut microbiota-BAs-host axis. Research
indicates that bile acids can regulate lipid metabolism and exert antibacterial
and anti-inflammatory effects through FXR[31], delaying the progression of
atherosclerosis[32]. G protein-coupled bile acid receptor 1 (GPBAR1, also
known as TGR5) is a bile acid ligand expressed in the gastrointestinal tract as
well as in macrophages and T cells. GPBAR1 activation increases expression
of cystathionine 𝛾-lyase (CSE), an enzyme necessary for generating the
vasodilator hydrogen sulfide[33]. In rats fed bile acids[34], significant changes
in gut microbiota were observed, including increased Firmicutes and decreased
Bacteroidetes, i.e., a dysregulated Firmicutes/Bacteroidetes ratio, mainly
characterized by increased Clostridium, decreased Bifidobacterium breve, and
decreased Lactobacillus salivarius. These findings have been replicated in
rodents and humans with hypertension induced by high-salt diet. However, to
date, no study has linked bile acids, dietary sodium, and gut microbiota. The
potential mechanism by which dietary sodium affects bile acid metabolism may
be through regulation of gut microbiota composition. As previously described,
dietary sodium depletes Lactobacillus and Clostridium, both of which are
components of secondary bile acid metabolism[35]. In summary, bile acids may
mediate the effects of gut microbiota on blood pressure regulation, but the
mechanisms remain to be elucidated.

2.4 Hydrogen Sulfide (H2S) Pathway

Hydrogen sulfide is a key intracellular signaling molecule with widespread physi-
ological activities. It is classified as endogenous or exogenous based on its source.
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Endogenous H2S is primarily synthesized from L-cysteine through the enzymatic
activity of cystathionine 𝛽-synthase (CBS) and cystathionine 𝛾-lyase (CSE) in
the cytoplasm and mitochondria, mainly produced by epithelial, vascular, and
smooth muscle cells[36]. Studies[37] have shown that H2S causes vasodilation
and relaxes vascular smooth muscle by activating large-conductance calcium-
dependent potassium channels (BKCa) in endothelium and calcium-activated
channels in vascular smooth muscle, thereby lowering blood pressure. Chinese
scholar Xu Mingxing et al.[38] demonstrated that H2S can reduce levels of var-
ious inflammatory factors (primarily interleukin-6), dilate blood vessels, and
lower blood pressure. In rodents and humans, the colonic microbiota is the
largest source of H2S. Shen et al.[39] found in germ-free mice that CSE activity
and free hydrogen sulfide levels were significantly reduced in plasma, gastroin-
testinal tissues, and other tissues, further proving that hydrogen sulfide produc-
tion is mediated by gut microbiota. Tomasova et al.[40] administered hydrogen
sulfide donors intracolonically to rats, inducing peripheral vasodilation and low-
ering blood pressure. These findings demonstrate that gut-derived H2S helps
control blood pressure, indicating the existence of a gut microbiota-H2S-blood
pressure pathway. This hypothesis was confirmed in a recent study on Dahl
salt-sensitive rats[41], which found that exogenous H2S alleviated high-salt diet
(HSD)-induced hypertension by attenuating the nuclear factor kB pathway and
pro-inflammatory cytokine protein expression, improving oxidative stress, in-
flammation, and apoptosis in the hypothalamic paraventricular nucleus (PVN).

2.5 Tryptophan Metabolism Pathway

Tryptophan (Trp) and its metabolites have been shown to play key roles in
cardiovascular disease (CVD)[42]. 5-hydroxytryptophan (5-HTP) is a trypto-
phan metabolite converted by tryptophan hydroxylase 1 (Tph1) into serotonin
(5-hydroxytryptamine, 5-HT) in the intestine. Tph1 activity is largely regu-
lated by gut microbiota, producing more than 90% of 5-HT in the body[43].
The cardiovascular responses produced by 5-HT are complex. Villalón et al.[44]
showed that 5-HT causes bradycardia or tachycardia, hypotension or hyperten-
sion, and vasodilation or vasoconstriction through interactions with different
receptors in the central nervous system (CNS), autonomic ganglia and postgan-
glionic nerve endings, vascular smooth muscle, and endothelium. Indole is a
tryptophan-derived metabolite produced by gut microbiota and is known to be
an endogenous ligand of the aryl hydrocarbon receptor (AHR), a transcription
factor whose endogenous signaling plays important roles in cardiac function,
vascular development, and blood pressure regulation[45]. Huć et al.[46] demon-
strated that indole and indoxyl sulfate (a hepatic metabolite of indole) caused
hypertension when administered peripherally in rats, while indole produced hy-
potensive effects when administered intracerebroventricularly. Subsequent stud-
ies further proved that indole and indoxyl sulfate affect arterial blood pressure
through peripheral and central mechanisms dependent on serotonin signaling.

Indolepropionic acid (IPA) also participates in blood pressure regulation in ro-
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dents, increasing myocardial contractility and vasoconstriction, leading to hy-
pertension[47]. Using the Langendorff heart model in mice, dose-dependent
myocardial contractility responses to IPA were demonstrated[48], along with
reduced vasodilation associated with sodium nitroprusside[49] and acetylcholine
pretreatment[47]. The vascular effects of IPA may be related to activation of
the pregnane X receptor (PXR)[49]. Dou et al.[50] showed that indole-3-acetic
acid (IAA) upregulates cyclooxygenase-2 (COX-2) through activation of the
AhR/p38 MAPK/NF-�B signaling pathway, and increases endothelial reactive
oxygen species (ROS) and expression of inflammatory genes (IL-6, IL-8, ICAM-
1), inducing endothelial inflammation and oxidative stress that contribute to
hypertension.

3. Gut Microbiota Influences SSBP Through Inflammatory Immune
Responses

Gut microbiota dysbiosis, characterized by reduced probiotic synthesis and in-
creased harmful bacteria, produces various inflammatory factors that further
damage the intestinal mucosal barrier, thereby affecting blood pressure changes.
Wilck et al.[8] demonstrated in animal experiments that high-salt diet caused
a significant reduction in intestinal Lactobacillus and increased CD4+, IL-17A+,
TNF+, and TH17 cells in the intestinal immune system, leading to salt-sensitive
hypertension, with consistent results obtained in human trials. Supplement-
ing high-salt diet mice with Lactobacillus murinus reduced TH17 cells and sig-
nificantly lowered blood pressure. Recently, high sodium intake, particularly
sodium ions, has been shown to activate TH17 cells[8,51], possibly due to re-
duced Lactobacillus leading to decreased ILA, which normally inhibits TH17 cell
activation[8]. TH17 cells secrete pro-inflammatory IL-17, IL-6, IL-22, and TNF-
𝛼, serving as major regulators of immune responses that promote hypertension
development.

In contrast to conventional mice, germ-free mice have greater numbers of anti-
inflammatory T regulatory cells, which are negatively correlated with TH17
cells[53]. Furthermore, Ferguson et al.[5] found that high-salt diet caused se-
vere intestinal and vascular inflammation in mice, significantly increasing the
B7 ligand CD86 and inducing dendritic cells (DCs) to form isolevuglandin
(IsoLG) adducts, which stimulated T cells to produce interferon-𝛾 (IFN-𝛾) and
interleukin-17A (IL-17A), causing gut microbiota dysbiosis and hypertension.
Fecal transplantation from conventionally raised high-salt fed mice to germ-free
mice readily increased inflammation and hypertension[5]. In summary, sodium-
induced activation of TH17 cells and specific interleukins may be mediated by
gut microbiota, and different microbial responses to salt may explain the vari-
ability in salt-sensitive blood pressure among populations.

4. Summary and Outlook

Although current animal models and clinical studies have shown that gut micro-
biota plays an important role in salt-induced inflammation and hypertension—
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potentially through gut microbiota metabolic disorders, SCFAs, TMAO, BAs,
H2S, and inflammation—clinical research data remain limited and the interaction
mechanisms are still controversial. Future in-depth studies are needed to clar-
ify the exact mechanisms of the salt-gut microbiota-salt-sensitive hypertension
interaction and to investigate individual differences in gut microbiota responses
to salt.

In the future, modulating gut microbiota homeostasis and associated immune-
inflammatory pathways may become a potential therapeutic approach for SSBP.
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