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Abstract

merging evidence links gut dysbiosis to numerous ailments, including hypertension and metabolic diseases. Multi-

omics techniques have revealed that hypertensive individuals exhibit distinct alterations in their gut bacterial

composition and metabolite profiles. The gut microbiome influences blood pressure through several mechanisms.
For instance, microbiota-derived metabolites can have beneficial effects, such as those from short-chain fatty acids (SCFAs),
or detrimental ones, like trimethylamine N-oxide (TMAO). These molecules modulate downstream signaling pathways via
G protein-coupled receptors or direct immune cell activation. Furthermore, dysbiosis can compromise the gut epithelial
barrier, leading to systemic inflammation that activates key regulatory pathways like the renin-angiotensin-aldosterone
system (RAAS), the autonomic nervous system, and the immune system. Given these connections, the gut microbiome is a
promising therapeutic target for hypertension. This review explores the potential of modulating the gut microbiota to manage
blood pressure, focusing on the underlying mechanisms of immune modulation, inflammation, and microbial metabolites. By
focusing on the 'how' rather than the 'what' of hypertension, it is identified that immune-mediated inflammation is orchestrated
by the gut microbiota, as the core mechanism driving the disease. Gut dysbiosis is triggered by environmental factors like
high-salt diets, perpetuates a pro-inflammatory state that undermines the efficacy of conventional antihypertensive drugs and
contributes to treatment-resistant hypertension. Consequently, modulating the gut microbiota through targeted interventions,
including dietary fiber, probiotics, and fecal transplantation, might represents a critical evolution in treatment. This approach
moves beyond managing symptoms to directly correcting the inflammatory dysfunction at the heart of the disease, offering a
powerful strategy to complement existing therapies.
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factor for worldwide burden of illness in industrialized and

Introduction undeveloped nations.(2) Over the past ten years, the yearly

rise in the global prevalence of hypertension has increased

With an estimated 32% worldwide incidence by calendar up to 10.8 million or 19.2% of all attributable fatalities

year 2024, hypertension was impacting 1.28 billion
individuals (1,2), which 2/3 of these individuals are from
the low-and middle-income countries, including Indonesia
(3). An increased blood pressure (BP) can be the main risk
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came from this cardiovascular (CV) factor.(4) Hypertension
increase the risk of various complications, not only CV-
related disease but also kidney failure.(5,6) The most
significant contribution comes from the aging population,
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especially in Western, and high-salt consumption
civilizations.(4)

Most people with hypertension fail to reach appropriate
BP management even with present anti-hypertensive drugs.
Furthermore, a residual risk of CV events and related organ
damage exists even with appropriate treatment including
stroke, heart failure (HF), myocardial infarction (MI), renal
damage, and cognitive impairment.(7-12) These results
imply that a fundamental part of the underlying disease is
not being addressed by present therapy approaches. New
data suggests that immune cells are major players in the
genesis and course of hypertension.(13) Pro-hypertensive
stimuli like high salt and angiotensin II activate the immune
system, which in turn elevates blood pressure and damages
organs in a self-reinforcing cycle.(14,15) Clinical studies
confirm this process causes vascular damage, a primary
type of hypertension-mediated organ damage.(16) This
immune activation can also lead to cognitive decline by
disrupting critical neurovascular-immune interfaces' in the
brain. This disrupts brain perfusion, waste clearance, and
synaptic function, linking systemic inflammation directly to
neurological impairment.(17)

In hypertension individuals, immune cells become
active and infiltrate target organs including the kidney
and the vasculature. Reactive oxygen species (ROS),
metalloproteinases, cytokines, antibodies produced by
these cells induce injury and malfunction of the target
organs. These factors induce vasoconstriction, remodelling,
and rarefaction in vessels, and produce interstitial fibrosis
and glomerular damage in the kidney as well as raise an
expression and activity of sodium transporters. In the end,
the factors of hypertension and oxidative stress, higher
interstitial salt, cytokine generation, and inflammasome
promote immune activation in hypertension.(18) Recent
studies indicate that the immunogenicity of isolevuglandin-
modified self-proteins in antigen-presenting cells (APC), and
can stimulate T cell activation and cytokine generation by
the cells in which they are produced. Therefore, maintaining
a well-balanced immune system and activation can benefit
for long-term effects of hypertension and associated
cardiovascular diseases (CVD) prevention.(19,20)

Gut microbiota is known to play a role in the
development of metabolic diseases (21,22), yet recent
studies have also demonstrated that gut microbiota serves
as a crucial link between various environmental factors and
our eukaryotic body, particularly the internal ecosystem
of the human gut bacteria. This connection facilitates
the development and progression of numerous diseases,
including hypertension, primarily focusing on peripheral
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vascular remodeling (23-25), and moderating the in vivo
effects of various drugs (26-29). Much of the current
research connecting the gut microbiota to hypertension
has concentrated on downstream consequences, such as
peripheral vascular remodeling. However, a significant gap
remains in our understanding of the upstream molecular
triggers. The intricate interplay between specific microbial
metabolites, the resulting immune activation, and systemic
inflammation as primary drivers of hypertension is less
defined. This review addresses this gap by shifting the
focus from the 'what' (vascular remodeling) to the 'how',
which is the specific mechanisms of immune modulation
and inflammation that initiate and sustain elevated blood
pressure by exploring the potential of modulating the gut
microbiota.

Immune Mechanisms in
The Pathophysiology of Hypertension

Recent research reveals that hypertension is caused in part
by both innate and adaptive immunity. In the kidney of
hypertensive humans animals, inflammatory cells, including
macrophages and T cells was accumulated in the artery wall,
especially in the perivascular fat. Adoptive T cell transfer
restores hypertensive responses to angiotensin II (ANG 1)
and DOCA-salt challenge; mice devoid of lymphocytes
are resistant to the onset of hypertension. In ameliorating
end-organ damage and BP increase in experimental
hypertension, immune modulating drugs show varied but
generally favorable effects. Beginning in the 1970s, multiple
studies demonstrated that suppressing immune cells might
prevent BP increase; conversely, transferring immune cells
from hypertensive animals to non-hypertensive receivers
produces or primes hypertension in the recipient.(30,31)
Although the exact processes by which hypertension triggers
an immune response are yet unknown, they may include
the creation of neoantigens activating adaptive immunity
that might help prevent and cure this common and terrible
diseases.(32) Hypertension and the immune system are
locked in a vicious cycle. Initially, the physical and chemical
stress of high BP damages blood vessels, creating altered
proteins (neoantigens) that the immune system misidentifies
as threats. This activates immune cells, particularly T cells,
which then travel to and infiltrate key organs like the blood
vessels and kidneys. Once there, they release inflammatory
signals that cause blood vessels to constrict, impair the
kidneys' ability to excrete salt, and increase nerve signals
that raise blood pressure. This immune-driven response not
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only sustains the existing hypertension but actively worsens
it, creating a self-perpetuating loop where high blood
pressure and inflammation continually fuel each other.(30)
ANG I,
tone, renal failure, vascular dysfunction, and in certain

Traditionally, aldosterone, sympathetic
cases hyperdynamic conditions were thought to be the
pathophysiology of hypertension. Many find it difficult to see
how immune cells fit this already complicated picture and
have needed a fresh perspective on the interaction between
the immune system and conventional prohypertensive
elements. Moreover, immune activation by necessity is a
highly precise and controlled process.(14)

The immune system's first line of defense is innate
immune system, comprises of monocytes, macrophages,
dendritic cells (DCs), and neutrophils. They react fast
and non-specifically to tissue injury or infection. Innate
immune cells also play important roles in stimulating
adaptive immune cells, hence producing more specialized
responses.(33) Figure 1 describe the innate immune system
activated by many stimuli of hypertension. Different roles
in the pathophysiology of hypertension are played by
circulating monocytes and tissue-resident macrophages.
Changes in endothelial function help monocytes and other
inflammatory cells to target organs like the heart, kidney
and vasculature to be recruited.(34-38) Monocytes can
differentiate into macrophages and DCs,or become activated
with minimal phenotypic changes during tissue invasion.
Remarkable variety of monocyte-derived cells helps them
to coordinate complex immune responses and support
tissue homeostasis. Monocyte-derived cells are crucial
for removing and repairing damaged tissue in response
to cellular injury and stress signals, known as damage-
associated molecular patterns (DAMPs). The regulation of
these pro-inflammatory and pro-resolution phases is highly
coordinated. This equilibrium seems to be disrupted during
hypertension, which causes longer and disproportionately
pro-inflammatory reactions.(38)
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In both mouse and human studies, macrophages
have been linked to increase in BP and damage of the
hypertensive end organs. In mice with a myeloid-specific
exhibit
increased sensitivity to prolonged endoplasmic reticulum

vitamin D receptor knockout, macrophages
(ER) stress. The renal infiltration of these macrophages,
accompanied by their elevated release of miR-106b-5p,
stimulates juxtaglomerular cells to secrete renin, leading to
renin-dependent hypertension.(13,39) Same as in human,
higher BP usually correlated with increased kidney and
macrophages infiltration, which can lead to renal damage
and fibrosis.(40) Blunted levels of vascular remodelling,
vascular superoxide generation, and retained endothelial
function revealed mice lacking macrophages to be shielded
against BP increase and vascular injury.(41,42)

Since 1960s, the idea of inflammation and the immune
system contribution to hypertension has been concepted.
(43,44) It was shown that recipient rats developed
hypertension when lymphocytes were transferred from rats
with unilateral renal infarction. Immunosuppression lowers
BP in rats with partial renal infarction, indicating that an
inflammatory response within the vasculature with various
forms of hypertension, particularly the periadventitial
accumulation of T cells and monocytes, plays a role.(45)
In the 1970s, it was discovered that thymectomized or
athymic nude mice do not maintain hypertension following
renal infarction.(46) In the 1980s, a thymus transplant
from a Wistar-Kyoto rat was found to lower BP in a
receiver with naturally occurring hypertension.(47) It was
also observed that if full immunological restoration was
attained, transplanting a suitable thymus into newborn
Spontaneously Hypertensive Rat caused notable reduction
of BP. These investigations prepared the ground for more
current developments on the function of the immune system
in hypertension.(47)

Extensive researches were still ongoing in this area,
especially to determine exactly the function of myeloid
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Figure 1. Multiple hypertensive
stimuli activate innate immune cells
to promote inflammation leading to
blood pressure elevations and end

organ damage.
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cells, T cells, B cells, and their different subtypes, however
the exact mechanisms is still poorly understood. Interactions
with the neurological system and its many mediators
demand more research. Of particular importance is now
evident that local inflammation can produce afferent signals
and a immune reflex; nonetheless, the function of this reflex
in hypertension has to be established. Recent data pointed
to oxidatively modified proteins which may have antigen
properties in hypertension, but the particular proteins or
peptides changed in this manner remain unknown. As the
foregoing description makes it clear that the immune
system is rather interconnected, and the way these many
cells and mediators interact in hypertension still has to be
clarified.(19)

Inflammation, Kidney Function, and
Hypertension

The inflammatory response combats infection and
tissue damage. Natural immune cells in tissues, such as
macrophages, fibroblasts, mast cells, DCs, and circulating
leukocytes (including monocytes and neutrophils), use
intracellular or surface-expressed pattern recognition
receptors (PRRs) to detect pathogen invasion or cell
damage. Either directly or indirectly, these receptors identify
pathogen-associated molecular patterns (PAMPs), DAMPs
produced from damaged cells and microbial nucleic acids,
lipoproteins, and carbohydrates. After then, activated PRRs
oligomerize and build big multi-subunit complexes that
start signaling cascades releasing molecules that support
leukocyte recruitment to the area. DAMPs are produced
after necrosis and cause sterile inflammation including
adenosine triphosphate (ATP), the cytokine interleukin
(IL)-1a, uric acid, calcium-binding, cytoplasmic proteins
S100A8 and S100A9, and the DNA-binding, nuclear
protein high-mobility group box 1 (HMGB1). PAMPs are
pathogen-derived, essential for microbial survival, and
structurally diverse. They include bacterial and viral nucleic
acids, fungal cell wall components, flagellin, peptidoglycan,
and lipopolysaccharide (LPS) from the Gram-negative
bacteria.(33)

Inflammatory  mediators like histamine and
leukotrienes increase vascular permeability, allowing plasma
proteins and leukocytes to exit the circulation. Histamine,
prostaglandins, and nitric oxide (NO) cause vasodilation,
enhancing blood flow and leukocyte recruitment.
Cytokines such as tumor necrosis factor (TNF) and IL-1

increase leukocyte adhesion molecules on endothelial
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cells, promoting leukocyte extravasation. Activated innate
immune cells, including DCs, macrophages, and neutrophils,
remove foreign particles and host waste via phagocytosis
and produce cytokines that influence the adaptive immune
response.(33)

Major PRRs in cells, specifically members of the
toll-like receptor (TLR) family, recognize bacterial and
viral PAMPs either in the extracellular environment
(TLR1, TLR2, TLR4, TLRS, TLR6, and TLR11) or within
endolysosomes (TLR3, TLR7, TLRS, TLRY, and TLR10).
These type I transmembrane proteins feature leucine-rich
repeats (LRRs). Signal transduction by TLRs is based on a
cytoplasmic Toll/IL-1 receptor (TIR) domain, which serves
as a docking site for TIR-containing cytoplasmic adaptor
proteins. TIR domains in the pro-inflammatory cytokine
IL-1 receptor function similarly. Except for TLR3, every
TLR interacts either directly (TLRS, TLR7, TLR8, TLRO,
TLR10, and TLRI1), heterodimeric (TLR1-TLR2 and
TLR2-TLR6, and the IL1Rs) or in tandem with the adaptor
TIRAP/Mal (TLRI1-TLR2, TLR2-TLR6, and TLR4).
Along with a TIR domain, MyD88 features a death domain
(DD), which helps to modulate interactions with the serine/
threonine kinase interleukin-1 receptor-associated kinase 4
(IRAK4).(48)

Chronic low-grade inflammation play basic roles in
many human diseases, including hypertension and end-
organ damage. While canakinumab, a human monoclonal
antibody, reduced inflammatory markers, including high-
sensitivity C-reactive protein (hsCRP) and IL-6, and
cardiovascular events, it did not affect the link between
hypertension and cardiovascular events or prevent the onset
of hypertension. This implies that the treatment helps with
inflammation and some cardiovascular issues, but it doesn't
address hypertension directly.(49-51) A secondary analysis
of the Canakinumab Anti-inflammatory Thrombosis
Outcomes Study (CANTOS) trial indicated that individuals
in the highest BP quartile required greater reductions in
major adverse cardiac events, suggesting that those with
severe hypertension had elevated levels of inflammation.
(52) Many of the 60 genes found were differently expressed
in monocytes from hypertensive people and connected to
IL-1P and IL-18, the components of the inflammasome.(53)
These data suggest a possibly significant contribution of
the inflammasome to the pathophysiology of hypertension
and CV disease.(4) Statins such as rosuvastatin can also
significantly reduce hsCRP up to 37% (54), while colchicine
was known to alleviate inflammation and NOD-like
receptor family pyrin domain containing 3 protein (NLRP3)
inflammation activation.(55)
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Strong vasoactive molecules such as endothelin-1,
aldosterone, and ANG II act as priming stimuli and can
activate the inflammasome during hypertension. ATP-
induced K" efflux or the generation of ROS, which are
classical activators of the NLRP3 inflammasome, trigger its
activation and assembly. Elevated nuclear factor-kappa B
(NF-xB) activity in hypertension leads to increased levels of
proinflammatory cytokines IL-1f and IL-18 in tissues and
circulation. The NLRP3 inflammasome plays a significant
role in the development and progression of hypertension and
other CV disease risks by promoting vascular inflammation
and damage. It is a key component of the innate immune
system and is involved in the inflammatory response.
The priming phase involves stimuli like endothelin-1,
aldosterone, ANG II, and sodium chloride (NaCl), leading
to the production of pro-caspase-1, apoptosis-associated
specklike protein containing a CARD (ASC), NLRP3, and
pro-IL-1P. In the activation phase, ATP and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase lead
to ROS production and K* efflux, forming the NLRP3
inflammasome complex with ASC and pro-caspase-1,
which converts pro-IL-1p to IL-1B. This cytokine then
contributes to hypertension by causing renal fibrosis,
glomerular sclerosis, vascular smooth muscle cell (VSMC)
proliferation, vascular remodeling, and vasoconstriction.
(56,57) These cytokines affect immune cells like monocytes,
macrophages, and DCs, as well as non-immune cells such as
vascular endothelium and smooth muscle cells.

The IL-17 family, particularly IL-17A, plays a
significant role in the pathogenesis of hypertension and
kidney function. IL-17A promotes inflammation by
recruiting and activating immune cells, leading to increased
blood pressure through mechanisms such as inhibiting
endothelial NO production, increasing ROS formation, and
promoting vascular fibrosis. IL-17A is produced by various
immune cells, including T helper 17 cells (Th17), cytotoxic
T cells (Tc17), gamma delta T cells (ydT), natural killer T
cells (NKT), and innate lymphoid cells.(58) The important
transcriptional factor retinoid-related orphan receptor
yOT causes differentiation of Th17 and IL-17-producing
vOT cells (ydT17), therefore defining IL-17-producing T
lymphocytes.

IL-17 is essential for maintaining ANG II-induced
hypertension. Two weeks of ANG II therapy altered the
Th17 lymphocyte ratio, and IL-17 knockout mice showed
reduced blood pressure. Later, they found that antibodies
against IL-17A or IL-17 receptor A, but not IL-17F, lowered
blood pressure in ANG II-induced hypertension.(59) The
renin-angiotensin-aldosterone system (RAAS) also impact

Indones Biomed J. 2025; 17(4): 317-34

the inflammation response as they are locked in a vicious,
self-amplifying cycle that is fundamental to the progression
of' many chronic diseases. Key RAAS hormones, particularly
ANG 1I and aldosterone, act as potent pro-inflammatory
signals, activating pathways like NF-xB and the NLRP3
inflammasome to generate inflammatory cytokines and
oxidative stress. In turn, this inflammation feeds back to
stimulate the production of RAAS components, especially
creating a damaging, localized RAAS within organs like
the heart and kidneys. This continuous loop of reciprocal
activation drives the pathology of hypertension, chronic
kidney disease, and HF by promoting persistent fibrosis,
vasoconstriction, and tissue damage, which explains why
RAAS-blocking drugs are effective not just for blood
pressure control but also for their crucial anti-inflammatory
effects.

Therole of IL-23 in hypertension has been less explored
compared to its downstream mediator, IL-17. Researchers
have primarily considered IL-23 as a therapeutic target for
atherosclerosis. However, some observational studies have
indicated a link between IL-23 and high blood pressure.
(60) For instance, individuals with hypertension had higher
serum IL-23 levels than healthy controls, and these levels
were positively correlated with blood pressure.(61) This
finding aligns with other research showing elevated blood
IL-23 levels in young obese hypertensive individuals.
Additionally, a high salt diet has been associated with
increased plasma levels of IL-23 and IL-17 in healthy
participants, suggesting that salt intake may promote IL-23R
production and Th17 differentiation via SGK1 activation.
Moreover, genetic polymorphisms in the IL-23R gene have
been linked to susceptibility to coronary artery disease and
the presence of hypertension, but not diabetes.(62)

In the
hypertension, the distinct characteristics of TNF-a receptors

context of renal pathophysiology of
in the kidney are a significant area of study. Current
researches are examining how different expressions of TNF
receptor (TNFR)1 and TNFR2 contribute to salt-sensitive
hypertension (SSH) in various experimental mouse models.
TNF-o antagonism reduces hypertension in animal models
of SSH, but its effectiveness in hypertensive patients has
been inconsistent. This variability may stem from the
differential activation of TNF-o receptors under various
conditions leading to SSH in humans.(63-66)

Future translational research should aim to understand
the complex activation patterns of these receptors. This
understanding could help explain the differences in BP
responses to increased salt intake among the general
population. Recognizing the link between TNF-a receptors
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and ANG production in the kidney is crucial for determining
individual salt sensitivity. Instead of using general anti-
TNF-a therapy, which carries a high risk of infection due
to broad immune suppression, future studies should focus
on targeting specific TNF-a receptors. This approach could
lead to more effective treatment strategies for clinical
conditions associated with salt sensitivity.(66,67) The most
effective future treatments will not be limited to diuretics
or traditional blood pressure drugs. Instead, we should look
toward precision immunotherapy after assessing the specific
immune cells and inflammatory pathways that are over-
activated by high salt intake.

The Gut Microbiome and Hypertension

The microbiota, consisting of commensal bacteria, viruses,
fungi, and archaea, forms a dynamic and complex network.
The number of bacterial cells in a healthy human body
(approximately 3.8 x 10'%) is comparable to the number
of human cells.(22,68) The human microbiome contains
around 9 million genes, which is over 450 times more
than the human genome's approximately 20,000 genes.
(69) Gut bacteria influence physiological functions through
various mechanisms, including priming immune responses,
extracting energy and nutrients from the diet, and affecting
susceptibility to pathogenic colonization in the colon.(70)

Given their shared risk factors and symptoms, it
is evident that gastrointestinal diseases and CV disease
are interconnected. For example, patients with HF with
preserved ejection fraction exhibit significant gut dysbiosis
compared to healthy individuals, with hypertension being a
primary risk factor for this condition.(71) Interactions among
dietary components, gut microbiota and their metabolites,
and BP-lowering medications predominantly occur in the
gastrointestinal system. Additionally, the enteric nervous
system and gastrointestinal hormones may be regulated by
BP. Gut bacteria are thought to impact renal function and
hypertension through sympathetic stimulation in the brain,
interacting with the neurological, endocrine, and immune
systems, thereby increasing blood flow and BP.(72,73)

All animal species, including humans, have co-
evolved with diverse microbial communities, forming
complex assemblies adapted to their hosts' environments.
(74) In particular, the bacteria in the human gastrointestinal
tract, or gut, have been extensively studied over the past
decade. The human gut flora consists of diverse mutualistic
bacteria associated with the host that play crucial roles in
the immune system, colonization resistance, and nutrient
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absorption. These organisms exert a significant influence
throughout the human body by producing and modifying a
variety of metabolites and chemicals. The gut microbiome
and environmental conditions, forms ecological and
functional communities that interact bidirectionally with
human biological processes, influencing various aspects of
health.(75)

Recent data highlight that this connection was
influenced by nutritional, environmental, and genetic
factors. A higher Firmicutes/Bacteroidetes ratio in two
spontancously hypertensive rats fecal was found with a
notable reduction in microbial richness, diversity, and
evenness, with fewer butyrate- and acetate-producing
bacteria.(76) Similarly, the gut microbiota of hypertensive
patients showed reduced richness and diversity. The chronic
ANG II infusion rat model also exhibited lower microbial
richness and a higher Firmicutes/Bacteroidetes ratio. Oral
minocycline was tested in this model and found to lower
BP and rebalance gut bacteria by reducing the Firmicutes/
Bacteroidetes ratio. These findings suggest that gut
microbiota dysbiosis is linked to high BP in both humans
and animals, proposing dietary interventions to correct gut
microbiota as a potential treatment for hypertension.(77)

Different fiber,
cholesterol, and salt, influence BP regulation through the

dietary components, such as
gut microbiome and their metabolites was briefly described
in Figure 2.(78) Fiber metabolized by gut bacteria into
short-chain fatty acids (SCFAs) like butyrate, acetate, and
propionate. SCFAs interact with the nervous system and
reduce inflammation, helping to lower BP. Cholesterol
will be converted into bile acids by the liver and further
modified by gut bacteria. These bile acids influence immune
cells, reducing inflammation and promoting vasodilation,
which lowers BP. High salt intake affects gut bacteria that
produce trimethylamine (TMA), which is converted into
trimethylamine N-oxide (TMAO) in the liver. TMAO
influences immune responses, increasing inflammation and
vasoconstriction, raising BP.

While we generally understand how nutrition impacts
gut flora, the specific effects and duration of certain dietary
components remain unclear. Continuous availability
of nutritional substrates is likely essential for bacterial
engraftment and multiplication. Sustained influence on the
gut microbiota may help achieve a new state of ecological
balance. Acute dietary therapies in humans have only lately
shown temporary microbial changes in times spanning
days to many weeks. Long-term dietary analysis should
be included into acute diet treatments in next studies;

more dietary data collecting longitudinally would help
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to enhance the outcomes of the studies. More long-term
dietary interventions, including ones with regard to nutrient
provenance, are needed to look at the possibility of a
permanent diet-induced microbial change. Acknowledging
the great variety of individual microbial profiles will help
one to investigate tailored therapy approaches.(79)

Therapeutic Targeting of Inflammation
in Hypertension

Inflammation and immune activation were first linked to
hypertension by Grollman, Okuda, Svendsen, and Olsen.
(80,81) Recent research has uncovered mechanisms behind
this connection. Studies using animal models with genetic
and pharmacological targeting have explored the roles
of T cells, yd cells, monocytes/macrophages, dendritic
cells, B cells, NK cells, and other immune-inflammatory

components.(82-87)  Inflammation in  hypertension
is triggered by oxidative stress and redox-dependent
mechanisms in vascular and renal tissues, leading to the
generation of neo-antigens, damage-associated molecular
patterns, and neuroimmune mechanisms. These provoke
maladaptive immune responses, exacerbating hypertension
and related organ damage.(88-90)

Although the specific antigens that activate adaptive
immunity in hypertension are not definitively identified,
isolevuglandin (isoLG) adducted proteins are potential
candidates. IsoLGs, oxidation products of arachidonic
acid, bind rapidly to lysines on self-proteins, accumulate
in antigen-presenting cells, and are presented within major
histocompatibility complexes, activating CD4" and CD8"
T cells. The isoLG scavenger 2-hydroxybenzylamine has
been shown to prevent immune activation and lower blood
pressure in animal models of hypertension. Additionally,

both animal and human studies have identified HSP70 as a
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potential auto-antigen.(91) Numerous animal studies have
demonstrated that modulating inflammatory activation and
cytokine release can reduce blood pressure increases and
mitigate vascular, cardiac, and renal damage.(66,92-96)

Epidemiological and observational data link the
immune system to hypertension. For example, hypertensive
individuals have a higher risk of death from COVID-19.
(97,98) Inflammatory biomarkers like CRP correlate with
systolic BP in acute stroke, with each 10 mmHg BP increase
raising CRP levels by 72%. Observational and clinical
trial data show BP rises with each quartile increase in CRP
levels.(99) A nested case-control study of 400 normotensive
women found that higher quartiles of IL-6 and CRP were
associated with an increased risk of developing hypertension
during follow-up.(100) Elevated levels of TNF-a, IL-1j,
IL-18, and CCL2 in hypertension promote cell infiltration,
affect renal sodium transport, and alter vascular function,
leading to sodium retention, increased vascular resistance,
and hypertension.(101,102)

GWAS and transcriptome analyses link hypertension
to immune cell defense and inflammatory responses
(103,104), supported by integrative network analysis and
Mendelian randomization. Blood pressure heritability
ranges from 33% to 57% (105-107). Several GWAS have
implicated the SH2B3/LNK gene in hypertension and
myocardial infarction.(103,108-110) SH2B3 encodes a
docking protein that modulates T cell activation. Variants
of this gene are associated with autoimmune diseases such
as multiple sclerosis, coeliac disease, and type 1 diabetes.
(110) The SNP rs3184504 in SH2B3 regulates 6 out of 34
blood pressure-related genes identified in a GWAS meta-
analysis of 7017 individuals not on anti-hypertensive
treatment.(111) These genes are expressed in leukocytes.
Integrative network analysis of blood pressure GWAS with
mRNA profiles from 3679 participants confirms interactions
between SH2B3 and hypertension-related genes.(108)

Notably, T cells, but not B cells, restored the
hypertensive phenotype through adoptive transfer, although
some studies have shown different results. This alteration
in Ragl™ mice highlights the complexity and adaptability
of the immune system. These findings suggest possible
alterations in the microbiome and an increase in the
population of natural killer (NK) cells, which compensate
for the absence of adaptive immune cells by releasing
cytokines typically produced by T cells.(4) T cells from
LNK knockout mice produce high levels of type I cytokines
and show increased sensitivity to ANG II, leading to
hypertension, endothelial and renal dysfunction, increased
inflammatory cell infiltration, and oxidative stress.(112)
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The y6 T cells are a unique subset of T lymphocytes
that play a crucial role in hypertension by secreting pro-
inflammatory cytokines like IL-17. They respond quickly
to cellular stress and damage, contributing to vascular
and organ dysfunction associated with hypertension
through their interactions with other immune cells and the
production of inflammatory signals.(113) yd T cells are
significantly influenced by dietary nutrients. For example,
indole-3-carbinol, a tryptophan derivative found in
cruciferous vegetables, acts as a high-affinity ligand for the
aryl hydrocarbon receptor and is essential for maintaining
vOT cells in the skin and gut.(114) Conversely, retinoic
acid, a metabolite of vitamin A, boosts yd intraepithelial
lymphocyte (IEL) production of 1L-22, which helps reduce
colonic inflammation.(115) Fat diet consumption can
affect yo T cell proliferation. A high-fat diet can reduce the
proliferation of yd T cells, leading to decreased numbers in
tissues like the gut. In contrast, a ketogenic diet can enhance
vd T cell proliferation and function by increasing levels of
B-hydroxybutyrate (BHB), a key metabolite that boosts yo T
cell expansion, cytokine production, and overall metabolic
fitness.(116)

Moving forward, it's important to note that anti-
inflammatory agents, like traditional anti-hypertensive
medications, primarily lower BP in individuals with
uncontrolled hypertension. This limitation is due to
compensatory mechanisms that prevent further BP reduction
beyond normal levels, and these effects may be confined
to patients with active pro-hypertensive inflammatory
processes. Evidence from studies like Cardiovascular
Inflammation Reduction Trial (CIRT), TNF-a inhibitor
responders vs. non-responders, and CANTOS suggests
that active inflammation is necessary for CV risk reduction
through immune modulation. This reduction is achieved not
just through BP control but also by addressing oxidative
stress, endothelial function, vascular remodeling, and
endocrine regulation.

To optimize benefits without adverse effects,
it is crucial to identify the optimal checkpoint in the
inflammation-hypertension relationship, which has been
challenging at a population level. In conclusion, most
preclinical studies on the anti-hypertensive effects of
immune interventions have focused on treating animals at
the onset of hypertension. However, these treatments are
usually given to humans with long-standing hypertension,
where chronic changes in renal and vascular function reduce
their effectiveness. Thus, targeting younger individuals with
early-onset hypertension may yield different and potentially
more favorable outcomes.
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Prospects for Leveraging
The Gut Microbiome as Medicine for
Hypertension

The relationship between gut microbiota and hypertension
has garnered significant attention over the past decade.
Early studies identified correlations between microbial
dysbiosis and elevated blood pressure, suggesting that
gut microbiota could influence CV health.(77) In 2013, a
meta-analysis of 14 randomized controlled clinical trials
involving 702 hypertensive patients showed that probiotic
fermented milk could significantly reduce SBP and DBP.
(117) Many studies as discussed previously, discussed
on how the Firmicutes/Bacteroidetes ratio and the gut
microbiome diversity correlated with hypertension and
CV risk stratifications both in human and mice. When the
Firmicutes/Bacteroidetes ratio increased, it was associated
with a significant decrease in the richness, diversity, and
uniformity of microorganisms, as well as the abundance of
SCFA-producing bacteria, especially acetate- and butyrate-
producing bacteria.(110,118,119)

Subsequent studies demonstrated that high-salt diets
and gut-derived metabolites, such as SCFAs and bile acids,
significantly impact BP. Salt-sensitive rats had significantly
more harmful bacteria in their gut microbiota compared
to salt-tolerant rats.(120) The first population-based
cohort study publication on the relationship between gut
microbiota and hypertension conducted in 2019, finding that
the diversity of gut microbiota was negatively correlated
with hypertension.

Gut barrier dysfunction refers to abnormal changes
in intestinal permeability and structural damage to the
intestinal mucosa, leading to the translocation of bacteria
and toxic products into the bloodstream, causing systemic
inflammation.(119,121) The imbalance of gut microbiota
can lead to gut barrier dysfunction, increasing intestinal
permeability and allowing pathogenic bacteria and LPS to
enter the bloodstream, resulting in systemic inflammation.
Patients with hypertension had significantly increased levels
of intestinal fatty acid binding proteins, LPS, and pro-
inflammatory Thl7 cells, indicating heightened intestinal
inflammation and permeability.(122)

This imbalance is usually characterized by reduced
probiotics and increased harmful bacteria, which promote
inflammation and lead to abnormal expression of tight
junction proteins, such as zonula occludin-1 (ZO-1) and
occludin, impairing gut barrier function.(123) The increased
number of pathogenic bacteria can also reduce thoxidae
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growth of probiotics, further exacerbating the imbalance.
These harmful substances enter the blood circulation
through the mesentery, triggering chronic inflammation
and vascular endothelial damage, resulting in decreased
vasodilator factors and increased vasoconstrictor factors.
Studies
decreased intestinal mucosal thickness, reduced blood

on spontaneously hypertensive rats showed
flow, fewer glandular goblet cells, shorter intestinal villi,
decreased tight junction proteins, and increased intestinal
permeability, suggesting that hypertension impairs intestinal
barrier function.(121,124) This cascade of events ultimately
leads to increased peripheral resistance and elevated blood
pressure, contributing to hypertension.(125)

Gut microbiota can also regulate BP via the
inflammatory response. Studies have shown a significant
increase in the number of harmful Proteobacteria
in hypertensive patients, which is closely linked to
intestinal inflammation and immune disorders.(117) The
sympathetic nervous system's control of inflammation
plays a central role, with increased sympathetic drive
to the gut exacerbating gut pathology and hypertension.
Figure 3 described the comparation between healthy gut
and hypertensive gut. Imbalanced intestinal microecology
with reduced microbial richness and diversity, increased
levels of harmful substances like lipopolysaccharides (LPS)
and hydrogen sulfide (H,S). epithelial damage leading to
increased gut permeability ("leaky gut"), and production of
pro-inflammatory cytokines was observed in hypertensive
gut. This visual representation explains how hypertension
can disrupt gut health by altering microbial balance and
increasing inflammation.(125)

The gut microbiome influences hypertension through
SCFAs, produced by microbial

fermentation of dietary fiber, can lower BP by modulating

various mechanisms.

immune responses and reducing inflammation. Among
the various metabolites produced by the gut flora, TMAO,
SCFAs, corticosterone, H,S, choline, bile acids (BAs),
indole sulfate, LPS, etc., are particularly intimately linked to
the development of hypertension. Mostly created by colonic
bacteria by digesting indigestible polysaccharides (fibers),
SCFAs that is mostly composed of butyrate, acetate, and
propionate, are a vital family of gut microbial metabolites.
Although the fecal levels of SCFAs in hypertension patients
are much greater than those in normal controls, clinical
studies have indicated that serum levels of SCFAs are
inversely linked with blood pressure.(126) Studies have
showed that SCFAs directly widen blood arteries to lower
BP. Propionate shown in vitro tests might widen human
colonic resistance arteries.(127)
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Figure 3. The relationship between gut microbiota and hypertension.(125) (Adapted with permission from Taylor and Francis Group).

Entering the systemic circulation, TMAO influences
obesity status, lipid metabolism, platelet activity, and the
development of atherosclerosis (128), therefore affecting
hypertension. Plasma TMAO levels were linked, in a dose-
dependent sense, to the incidence of hypertension according
a meta-analysis.(128) The particular process by which
TMAO increases BP is still unknown. Research indicates
that TMAO increases ANG II-induced vasoconstriction and
accelerates ANG II-induced hypertension, which is linked
to protein kinase R-like endoplasmic reticulum kinase
(PERK).

The major constituents of bile are BAs, which are
synthesised and metabolised in part by gut bacteria.(129)
BAs control lipid metabolism, speed energy consumption,
preserve gut microbiota equilibrium and shield the
intestinal barrier, therefore reducing inflammation and
avoiding arteriosclerosis.(130) They are endocrine-like
signaling molecules. Different pathogenic elements affect
the equilibrium of BAs under unbalanced gut flora, which
causes several disorders including hypertension to arise and
flourish. By means of CV, renal, and TMAO systems, BAs
could influence the incidence and course of hypertension.
(131) These metabolites interact with the renin-angiotensin
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system (RAS), nitric oxide (NO) synthesis, and vascular
tone, contributing to hypertension management. Studies
have shown that SCFAs directly widen blood arteries to
lower blood pressure. Propionate, for example, can widen
human colonic resistance arteries and lower BP in animal
models.(132)

Clinical studies have shown that dietary interventions
can significantly improve gut microbiome composition
and reduce hypertension. High-fiber diets and acetate
supplementation have been found to modify gut microbiota
populations, increase beneficial bacteria, and lower BP. For
instance, on DOCA hypertensive mice, shown that high-
fiber diet and acetate diet led to changes in the gut microbiota
by increasing the level of intestinal Bacteroides and acetate
concentration, thus played a protective role in CV health,
reducing systolic and diastolic BP.(132) Additionally,
flavonoid-rich foods like berries and apples have been
linked to lower BP and greater gut microbiome diversity.
In another study on a rat model of apnea syndrome with
hypertension, the number of lactic acid-producing bacteria
increased, but the number of Eubacterium, which convert
lactic acid to butyrate, decreased exponentially.(133) A
fecal transplant from hypertensive rats to normotensive
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mice, showed an increase in blood pressure in the recipient
mice. This indicates that the gut microbiome can also play a
role in “hypertensive transmission”.(134)

Advanced diagnostic and supplementation strategies
targeting the gut microbiome might hold the future of
hypertension treatment. Diagnostic techniques, such as
metagenomic and metabolomic analyses, can identify
microbial dysbiosis and guide personalized treatments.
Current approaches include probiotics, prebiotics, fecal
microbiota transplantation (FMT), and dietary modifications.
(135) In addition to these strategies, repurposing existing
drugs offers a promising avenue for hypertension
management. Drug repurposing involves finding new
therapeutic uses for already approved medications,
potentially reducing the time and cost associated with
drug development. This approach can leverage existing
knowledge about drug safety and efficacy, making it a viable
option for addressing complex conditions like hypertension.
By targeting the gut microbiome and its interactions with
the immune system, repurposed drugs could offer novel
treatments that complement current microbiome-based
therapies.(136)

Antidiabetes drugs were known to improve metabolic
condition by improving gut microbiome. Recent studies
showed while sodium-glucose cotransporter-2 (SGLT2)
inhibitors and thiazolidinediones (TZDs) have slighter
effects, oral antidiabetes medications, including metformin,
dipeptidyl peptidase-4 (DPP-4) inhibitors, and a-glucosidase
inhibitors, clearly affect gut microbiota and microbial
metabolites.(137-139) Metformin, DPP-4 inhibitors, and
a-glucosidase inhibitors have been shown to have similar
effects on increased SCFA-producing bacteria and SCFA
production (139-145), especially Akkermansia muciniphila
which may partially explain their beneficial effects in the
regulation of insulin sensitivity increase, energy metabolism,
and systemic inflammation (142,144), associated to healthy
intestinal mucosa and anti-inflammatory effect.

Considered as exogenous xenobiotics, anti-
hypertensive drugs change the makeup of gut bacteria
and thereby influence the BP of the host.(146) Inter-
individual differences in the gut flora were linked to BP-
lowering drugs including angiotensin-converting enzyme
inhibitors, B-blockers, and angiotensin II receptor blockers.
Although the gut microbial composition is affected by a
variety of elements including race, sex, age, food, exercise,
and circadian rhythm, the effects of some medicines on
distinct bacterial species are yet unknown. Nevertheless,
knowing how the gut bacteria affect the response of the

host to antihypertensive medications is more relevant than
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vice versa as the causes of resistant hypertension are yet
unknown.(147)

Emphasizing the main gaps in the scientific evidence
to boost the consumption of dietary fiber in hypertension
therapy, the evidence offers recommendations for
incorporating dietary fiber intake in future guidelines on
the management of hypertension. But the ignorance of
fiber consumption is not limited to hypertension; data
shows that it is good for other noncommunicative illnesses
such type 2 diabetes, 15 cancer, 15 chronic kidney disease
during the lifetime.seventy-six Therefore, we advocate a
general review of policies whereby use of fibers would have
cross-cutting advantages. The strong data compiled here
supports the use of dietary fiber as a potent cardioprotective
strategy and auxiliary treatment to decrease BP and CVD
risk. Future prospects include developing microbiota-based
therapies that leverage specific microbial metabolites and
personalized dietary interventions to manage hypertension
more effectively. Large-scale clinical trials and further
research are essential to establish the efficacy and long-term

benefits of these innovative treatments.(148)

Myocardial Interstitial Fibrosis in
Hypertensive Heart Disease

Arterial hypertension is the most common modifiable
risk factor for early CV mortality. While atherosclerotic
events typically define CV risk, it is also important to
address nonatherosclerotic hypertension-mediated end-
organ damage, such as hypertensive heart disease (HHD).
Reducing the impact of HHD is a major goal in modern
CV medicine, necessitating better understanding and
clinical care. Understanding the mechanisms, diagnosis,
and treatment of myocardial fibrosis in HHD is crucial to
prevent the progression of both ischemic and non-ischemic
chronic heart diseases.(149)

HHD refers to heart conditions caused by long-
term high BP. One hallmark of HHD is left ventricular
hypertrophy (LVH), where the left ventricle thickens due
to chronic high BP. This structural change reduces the
heart's ability to pump blood efficiently, leading to systolic
and diastolic dysfunction. Other key components include
CAD, which accelerates the narrowing of coronary arteries,
and HF, where the heart becomes unable to pump blood
effectively. These conditions contribute to the overall
burden of HHD and its associated complications. The
age-standardized global prevalence of HHD has increased
in parallel with the rise in the number of individuals with
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treated and uncontrolled hypertension over the past two
decades.(150)

Myocardial fibrosis is characterized by the excessive
accumulation of extracellular matrix proteins, particularly
collagen, in the heart muscle. This process is primarily
driven by the activation of cardiac fibroblasts, which
transform into myofibroblasts in response to various stimuli
such as chronic high blood pressure, myocardial infarction,
or other cardiac injuries.(151) In patients with HHD,
myocardial fibrosis predisposes them to an increased risk of
HF, ischemic heart disease, and arrhythmias.

The pathophysiology of myocardial fibrosis involves
several key mechanisms. Cardiomyocyte injury triggers
an inflammatory response, leading to the activation of
fibroblasts. Activated myofibroblasts produce excessive
collagen and other matrix proteins, resulting in the stiffening
of heart tissue. The type of heart disease influences the
predominance and crosslinking of collagen fibers, with type
I collagen being stiffer than type III. Stronger crosslinking,
mediated by lysyl oxidases (LOX), results in greater
stiffness, insolubility, resistance to matrix metalloproteinases
(MMPs), and collagen fiber stability. Persistent inflammation
further promotes fibrosis by sustaining fibroblast activation
and matrix deposition. The accumulation of fibrotic tissue
disrupts the normal architecture and function of the heart,
reducing elasticity, impairing contractility, and ultimately
leading HF.(152,153)

Myocardial fibrosis mostly comes in two forms:
replacement myocardial fibrosis and reactive myocardial
fibrosis.(154) Formed during a healing phase, the first
form is seen as localized macroscopic or microscopic
collagen fiber-based scars replacing dead cardiomyocytes
following ischemia and non-ischemic assaults. The second
form often known as myocardial interstitial fibrosis (MIF),
is characterized by thin collagen fiber bands encircling
individual cardiomyocytes in the endomysium and bundles
of cardiomyocytes in the perimysium. It also includes
microscars and widespread thick collagen strands primarily
deposited in interstitial areas and around intramyocardial
vessels.(155)

Experimental studies in various hypertensive animal
models show that elevated BP triggers both adverse left
ventricular remodeling and MIF, which then progress
in parallel.(156) Resident cardiac fibroblasts detect
mechanical stress from left ventricular pressure overload
through surface receptors like integrins and discoidin
domain receptors, which trigger mechanotransduction
pathways and activate fibroblasts and promote their
differentiation into myofibroblasts. Furthermore acting as
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a store of profibrotic signaling molecules ready for release
following mechanical stress is the extracellular matrix.
(157) Beyond pressure overload from sustained high LV BP
nonhemodynamic factors including various inflammatory
and noninflammatory cytokines, fibrogenic growth factors,
neurohumoral pathways, and epigenetic mechanisms may
also contribute to myocardial interstitial fibrosis in HHD,
as evidenced by its presence in the right ventricle in
experimental models and postmortem studies.(158-160)

The interplay between HF, HHD, and gut microbiota
involves a bidirectional relationship where each factor
can influence and exacerbate the others. Three different
mechanisms in which the gut microbiota and HF are linked
have been described by present studies.(161-163) First
of all, alterations in microbial makeup could cause HF,
and aggravate its development. Second, metabolite levels
show a link that could affect the pathophysiology of HF.
At last, the state of HF itself and its related symptoms,
including fluid retention, can lead to microbial dysbiosis,
accumulation of toxic metabolites, and pathogenicity of
buildup of pathogenic species.(161)

Clostridium and Dorea were specifically lowered at
the genus level; Eubacterium rectale and Dorea longicatena
were specifically lowered at the species level, therefore
indicating the possible therapeutic relevance gut bacteria
has in the course of HF.(164) A Japanese research found
lower SMB53 compared to healthy controls, with higher
Streptococcus spp. and Veillonella spp.(165) In HF patients.
Other investigations have shown an imbalance in gut
bacteria engaged in the metabolism of toxic and protective
compounds including TMAO in individuals with HF.(166)
Reduced intestinal blood flow and thicker intestinal walls
brought on by this congestion and lowered blood perfusion
disturb microcirculation.(167) Bowels ischemia induces
hypoxia at the villus tip and damages intestinal epithelial
cells in this way. This causes bacterial translocation, which
raises the quantity of endotoxins including LPS, which has
been seen in oedematous HF sufferers. TNF-a has been
found to have a deleterious influence on development of HF
by contributing to systemic inflammation induced by LPS.
(163) The renin—angiotensin—aldosterone pathway is also
upregulated and endothelins are released in HF, therefore
producing systemic arterial vasoconstriction, myocyte death,
and noradrenaline and anti-diuretic hormone production.
(168-170)

Figure 5 summarizes the connection between gut
health, diet, medication, and HF. It shows how elements like
bile acids, uremic toxins, SCFA, LPS, and TMAO from the
gut interact with factors such as diet, medication, prebiotics,
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*  Medication
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and probiotics. These interactions can influence conditions
like obesity, hypertension, diabetes, and atherosclerosis,
which may lead to HF. The arrows in the diagram indicate
the relationships between these elements, highlighting the
impact of gut health and lifestyle choices on CV health.

Conclusion

By focusing on the ‘'how' rather than the 'what' of
hypertension, this review identifies immune-mediated
inflammation, orchestrated by the gut microbiota, as the
core mechanism driving the disease. We propose that
gut dysbiosis, triggered by environmental factors like
high-salt diets, perpetuates a pro-inflammatory state that
undermines the efficacy of conventional antihypertensive
drugs and contributes to treatment-resistant hypertension.
Consequently, modulating the gut microbiota through
targeted interventions—including dietary fiber, probiotics,
and fecal transplantation—represents a critical evolution
in treatment. This approach moves beyond managing
symptoms to directly correcting the inflammatory
dysfunction at the heart of the disease, offering a powerful

strategy to complement existing therapies.
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