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Abstract

Hypertension affects over 1.39 billion people globally, causing 9.4 million deaths annually.
This paper examines the intricate relationship between the immune system and hyper-
tension, highlighting the contributions of both innate and adaptive immune responses.
The innate response, involving natural killer (NK) cells, macrophages, toll-like receptors
(TLRs), and dendritic cells, contributes to organ damage and inflammatory responses,
exacerbating hypertension. Adaptive immunity, particularly T cells, further exacerbates
vascular and renal dysfunction through the release of cytokines such as IFN-γ, IL-17A,
and TNF-α, ultimately leading to multisystem damage. Therapeutic strategies targeting
these immune responses are being explored, including immunosuppressants such as my-
cophenolate mofetil (MMF) and methotrexate (MTX), as well as monoclonal antibodies
against IL-1β and TNF-α. While these strategies show promise, further research is needed
to evaluate their efficacy and safety. Furthermore, this paper highlights the potential bene-
fits of immunological approaches in managing the root causes of hypertension, offering
an alternative to conventional therapies focused on the renin–angiotensin–aldosterone
system. In conclusion, this work highlights the immune mechanisms in the hypertension
pathogenesis, identifying them as potential therapeutic targets for enhanced management
and improved patient outcomes.

Keywords: hypertension; immune system; inflammation; cytokines; monoclonal antibodies

1. Introduction
Also known as the “silent killer,” arterial hypertension (HTN) affects approximately

1.28 billion adults aged 30–79 years worldwide each year [1]. The majority of these indi-
viduals show no symptoms, making it a silent yet lethal disease that claims 9.4 million
lives annually, establishing itself as one of the main risk factors for the development of
cardiovascular disease (CVD). It is estimated that HTN is responsible for at least 45% of
deaths associated with heart attacks and 51% of cerebrovascular accidents [2]. The increase
in these figures is attributed to population growth, the aging of the population, and other
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risk factors such as a sedentary lifestyle, inadequate diets, obesity, and the continuous
exposure to stress, among others [2].

Currently, there is no consensus on the definition of blood pressure (BP) values for diag-
nosing HTN, with some authors defining it as a systolic blood pressure (SBP) of 140 mmHg
or higher and/or a diastolic blood pressure (DBP) of 90 mmHg or higher [3,4], while the
American Heart Association suggests defining HTN as an SBP of 130 mmHg or higher
and/or a DBP of 80 mmHg or higher [5]. However, it is known that the risk of developing
CVD starts at values as low as 115/75 mmHg and doubles for every 20/10 mmHg increase,
emphasizing the need for the prevention and proper management of HTN [4].

Despite its high prevalence and associated morbidity, only 5–10% of patients have an
identified cause for their hypertension (secondary arterial hypertension). In 95% of cases,
the etiology of HTN remains unknown, which is referred to as essential HTN, a clinical
condition characterized by the inability to maintain a normal BP without daily treatment [6].
However, for developing effective therapeutic strategies, it is crucial to understand the
pathophysiological mechanisms involved in the development of HTN, mechanisms that
have not yet been fully elucidated. In this regard, HTN is generally considered a disorder
involving two systems responsible for regulating the salt–water balance and cardiovascular
function: the renin–angiotensin–aldosterone system (RAAS) and the sympathetic nervous
system (SNS). Despite this, current treatments targeting both systems fail in about 40%
of cases, suggesting that other mechanisms may be involved in the pathophysiological
process of HTN [7,8].

Recently, clinical and experimental evidence has emerged supporting a contribution of
immune mechanisms not only in the development but also in the maintenance of HTN and
the multisystemic effects that often accompany it. This process is reflected in elevated levels
of pro-inflammatory biomarkers and oxidative stress markers, while anti-inflammatory
and antioxidant markers are decreased [9,10]. Additionally, one of the most prevalent
comorbidities in people with autoimmune conditions is HTN [11]. However, the cause-and-
effect relationship between immunity, HTN, and multisystemic effects is only beginning
to be understood. It is presumed that an accumulation of immune system (IS) cells and
mediators in the blood vessels, kidneys, heart, and brain promotes a chronic inflammatory
response that disrupts homeostasis in these organs, leading to HTN [12,13].

This review summarizes the evidence supporting the role of the IS in the pathophysi-
ology of the development and maintenance of HTN, advances over time, descriptions of
molecular pathways, and potential therapeutic targets for the proper control and manage-
ment of HTN.

2. Immunological Mechanisms in Hypertension: Preclinical Evidence
Over the years, epidemiological evidence has emerged establishing a link between

the immune system and HTN (Table 1). However, it is still necessary today to investigate
the possible pathophysiological mechanisms causing this. Given the complexity of the
immune system, which comprises a wide variety of elements, there arises a need to study
it by dividing it into innate and adaptive immunity, without overlooking autoimmunity
and its likely role in the pathogenesis of HTN.
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Table 1. Hypertension as an immunological disease: evidence over time.

Authors Methodology Results

Ebringer et al. [14]
A case–control study measuring IgG levels
in 118 patients with severe hypertension
and 163 normotensive individuals.

Serum IgG levels were significantly higher
in 118 patients with severe hypertension
compared to a group of 163 normotensive
blood donors.

Adlin et al. [15]
Case–control study measuring serum
immunoglobulin levels in 52 hypertensive
patients and 52 normotensive controls.

Contrary to previous reports,
hypertensive subjects did not have higher
levels of IgG or IgA than controls. The
authors attributed this to the mild
elevation of blood pressure.

Mirhafez et al. [16]

A case–control study measuring blood
levels of 12 cytokines and growth factors in
155 individuals with hypertension and
148 normotensive individuals.

Hypertensive subjects had higher
concentrations of IL-1α, -2, -8, TNF-α,
IFN-γ, MCP-1, EGF, and VEGF. They also
had lower levels of the anti-inflammatory
cytokine IL-10 (p < 0.05) compared to
healthy individuals.

Sesso et al. [17]

Prospective cohort study starting in 1992
with 20,525 U.S. healthcare professionals
aged 45 or older, aiming to examine
CRP levels.

During follow-up, 5365 women developed
hypertension. C-reactive protein was
significantly associated with an increased
risk of developing hypertension in all
prespecified subgroups evaluated,
including those with very low baseline
blood pressure and those without
traditional coronary risk factors.

Bautista et al. [18]

A cross-sectional study in 300 individuals
evaluating whether circulating CRP levels
are independently related to essential
hypertension.

Plasma CRP level is an independent risk
factor for hypertension. The unadjusted
prevalence of hypertension was 58.7% in
the highest quartile of CRP, compared to
only 34.7% in the lowest quartile.

Youn et al. [19]

Case–control study evaluating renal cell
infiltration through immunohistochemical
staining in kidney biopsy samples from
71 patients with hypertensive
nephrosclerosis and 71 control subjects.

Higher numbers of CD4+ and CD8+ T
cells were found infiltrating the
tubulointerstitial system of hypertensive
nephrosclerosis patients compared to
normotensive control subjects.

Navarro et al. [20]

Case–control study evaluating the
relationship between inflammatory
parameters (CRP, serum, and urinary
TNF-α) and markers of preclinical TOD
(LVH and microalbuminuria) in 40 newly
diagnosed, never-treated essential
hypertension patients, compared to
21 healthy controls.

Urinary TNF-alpha is independently
correlated with urinary albumin excretion,
suggesting inflammation may contribute
to TOD development. Additionally,
urinary TNF-α excretion could be an early
marker of preclinical TOD in hypertensive
patients.

Abbreviations: IL (interleukin); TNF-α (tumor necrosis factor-alpha); IFN-γ (interferon-gamma); MCP-1 (monocyte
chemoattractant protein-1); VEGF (vascular endothelial growth factor); EGF (epidermal growth factor); CRP (C-
reactive protein); LVH (left ventricular hypertrophy); MAB (microalbuminuria); and TOD (target organ damage).

2.1. Innate Immunity

Innate immunity comprises NK cells, macrophages, receptors such as the TLRs family,
dendritic cells (DCs), neutrophiles, basophiles, eosinophiles, and mast cells, among oth-
ers [21,22]. All are capable of initiating an unspecific response that can become excessive
and uncontrolled, damaging organs that regulate the BP, such as the brain, blood vessels,
and kidneys, leading to deregulation and consequently HTN, through various mechanisms
that have been described in recent research (Table 2) [23].
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Starting with NK cells, which can increase their cytotoxicity under the action of inter-
leukin 17 (IL-17), released by helper T cells (Ths), this is associated with the development of
vascular dysfunction and HTN [24]. For this reason, Travis et al. infused normal pregnant
rats with recombinant IL-17 and measured their mean arterial pressure (MAP) on the last
day, finding a significant increase. Similarly, they observed that cytolytic NK cells and NK
cells in the placenta were elevated, with a similar trend in circulating NK cells. Likewise,
levels of reactive oxygen species (ROS) in the kidney increased, and acetylcholine-mediated
vasorelaxation was altered, which could lead to vascular dysfunction with the deregula-
tion of the BP [25]. These results are consistent with those of Shields et al. in 2018, who
concluded that an increase in NK cells plays an important role in the pathogenesis of
HTN [26].

This was corroborated by Elfarra et al., who studied three groups of pregnant rats: a
control group, a second group induced with a reduced uterine perfusion pressure (RUPP),
and a third group with a RUPP and NK depletion. They later measured and compared
their MAP, where in normal rats the MAP had a mean of 108 ± 2 mmHg, in the RUPP rats
it was 125 ± 2 mmHg, and in the RUPP rats with the NK depletion it was 122 ± 2 mmHg.
Based on these results, the authors concluded that the NK depletion significantly reduces
the MAP; therefore, these cells have a relevant role in the immunological mechanisms of
HTN [27].

Moreover, macrophages are also very important as they are essential for the homeosta-
sis of the cardiovascular system and the regulation of BP, as expressed by Fujiu et al. in
their research. They subjected a group of mice to a pressure overload on the heart, which
activated the sympathetic nervous system, innervating the kidneys and activating the
epithelial cells of the renal connecting tubules through β2-adrenergic receptors. These cells,
via the KLF5–S100A8–S100A9 pathway, were able to interact with tissue macrophages and
induced the production of TNF-α, which in turn stimulated cytokine production within
the kidney, highlighting colony-stimulating factor 2 (CSF2) [28,29].

Furthermore, angiotensin II (Ang II) also appears to play an immunological role in
the pathophysiology of HTN, inducing inflammation and changes in macrophages. This
effect was studied by Wu et al. in two works, one in 2018 and another in 2020, where
RAW264.7 macrophages were stimulated with Ang II, finding that it caused the polarization
of the macrophages to the M1 type and also promoted the release of inducible nitric oxide
synthase (iNOS), TNF-α, IL-1β, and IL-6. In addition to this, there was an increase in the
levels of connexin 43 (Cx43) and NF-κB (p65) in the macrophages. For this reason, they
used inhibitors of these pathways and found that by inhibiting them, the effect of Ang II
on macrophages was not generated, suggesting that both are involved in the inflammatory
pathways induced by Ang II [30–32].

The activation of these macrophages is mediated by specific pattern recognition re-
ceptors that sense danger signals associated with hypertensive stimuli. Among the most
relevant are the Toll-like receptors (TLRs), a well-known family of receptors that respond
to molecular patterns from pathogens and injuries. While there are more than a dozen
different receptors in this family, certain members have been linked to the development of
HTN, particularly TLR3, which is an endosomal receptor, and TLR4, located in the plasma
membrane [22,32].

For this reason, they were studied by Singh et al., where they separated three groups of
mice: a wild-type group, a second group with a TLR3 deficiency (TLR3−/−), and a group
with a TLR4 deficiency (TLR4−/−). They infused all three groups with either a saline
solution or Ang II for three weeks, during which they measured their BP three times a week.
They observed that SBP values were higher with the infusion of Ang II than with the saline,
except in the TLR3−/− group. Likewise, they determined that TLR3 is the receptor linked
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to Ang II-induced HTN through the TRIF (toll–interleukin receptor domain-containing
adapter-inducing interferon-β), while TLR4 is linked to cardiac hypertrophy but not to
HTN [33].

In the same vein, Ao et al. studied the interrelation between signaling adapters of
innate immunity receptor pathways, including TLRs and their adapter TRIF. They evaluated
them in renal cell cultures from humans, pigs, cattle, goats, horses, mice, chickens, and
ducks, determining that in all these species the TLRs activate a signaling pathway that
triggers the production of NF-κB, IRF, and MAPK, culminating in the release of pro-
inflammatory cytokines that allow the innate system to orchestrate an immediate local and
global response, which has been linked with vascular dysfunction associated with HTN
(Figure 1) [32,34].

While macrophages act as key inflammatory effectors and TLRs function as crucial
sensors, it is the dendritic cells (DCs) that serve as the pivotal bridge between innate and
adaptive immunity. As professional antigen-presenting cells, DCs have also been linked
to the pathophysiology of HTN. Lu et al. proposed that the excessive stimulation of the
DC leads to the greater activation of T cells in organs such as the kidney, which can cause
alterations in their functioning with a subsequent deregulation of the BP. To investigate
this phenomenon, they studied two groups of mice, a wild-type group and another group
with a deficiency of FLT3L (Fms-like tyrosine kinase 3 ligand), an endogenous factor that
stimulates the DC. They continuously infused both groups with Ang II, later determining a
considerable increase in the number of DCs in the kidneys of the wild-type mice, coupled
with an elevation of the MAP, compared to the FLT3L-deficient mice (FLT3L−/−) who did
not show an increase in DCs or in their MAP [34,35].

Additionally, in the same study, they determined that this phenomenon causes an
increase in the number of T cells and the production of pro-inflammatory cytokines in the
kidney of the wild-type mice, but not in the FLT3L−/− mice. Similarly, they agreed with
the results of Barbaro et al. in 2017 [36], who determined that the stimulation of the DC
causes the assembly of nicotinamide adenine dinucleotide phosphate oxidase (NADPH),
which produces immunogenic isolevuglandin (IsoLG), which is processed and presented
as a neoantigen by the DC, promoting the differentiation of T cells and triggering the
production of prohypertensive IL-17A and IFN-g [35,37].

On the other hand, Ang II is not the only one capable of triggering this process, as also
described by Barbaro et al.; sodium can induce the production of IsoLG in the DC, but in
this case, the process is mediated by various elements in the DC, among which the epithelial
sodium channel and the sodium–hydrogen exchanger stand out. They determined that
activating these channels results in the entry of calcium through the exchanger, in addition
to generating the activation of protein kinase C (PKC), the phosphorylation of p47phox,
and the association of p47phox with gp91phox, allowing the assembly of NADPH and the
generation of IsoLG [36,38].

Finally, mast cells and neutrophils, although they have been less studied, could also
be altered in patients with hypertension. It has been reported that in these patients, high
levels of immunoglobulin E stimulate mast cells to release IL-6, while neutrophils produce
greater amounts of superoxide anions, contributing to vascular damage and, consequently,
to the pathophysiology of hypertension [39].
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Figure 1. Mechanisms of innate immunity in HTN. Macrophages (dark-blue dots): 1. Angiotensin
II (Ang II) appears to play an immunological role in the pathophysiology of hypertension (HTN)
by 2. inducing changes in macrophages, leading to 3. macrophage polarization to the M1 type and
an increase in connexin 43 (Cx43) and nuclear factor kappa B (NF–κB) levels, also promoting 4. the
release of inducible nitric oxide synthase (iNOS), tumor necrosis factor-alpha (TNF-α), interleukin-1
beta (IL-1β), and interleukin-6 (IL-6), which 5. contribute to vasoconstriction and vascular fibrosis.
Toll-like receptors (purple dots): 1. Ang II may also induce HTN through its effect on 2. the toll-
like receptor 3 (TLR3), which is mediated by the toll–interleukin receptor domain, contains the
adapter protein that induces interferon-β (TRIF). This adapter has the ability to 3. activate a signaling
pathway that triggers the production of NF-κB, interferon regulatory factor (IRF), and mitogen-
activated protein kinase (MAPK) and 4. culminates in the release of pro-inflammatory cytokines
that enable the innate system to orchestrate an immediate local and global response, but 5. has been
linked to vascular dysfunction associated with HTN. Dendritic cells (turquoise dots): The function of
dendritic cells (DCs) has been affected by 1. high levels of Ang II and sodium (Na+), causing 2. the
assembly of nicotinamide adenine dinucleotide phosphate oxidase (NADPH), which produces the
immunogenic isolevuglandin protein (IsoLG), which is processed and 3. presented as a neoantigen to
T cells, 4. triggering the production of interleukin-17A (IL-17A) and interferon-gamma (IFN-γ). In
turn, these cytokines are pro-inflammatory and prohypertensive, contributing to 5a. vasoconstriction
and vascular fibrosis, along with renal effects associated with a considerable increase in the number
of DCs in the kidneys and elevated blood pressure, and 5b. sustained neoantigen presentation
by DCs perpetuates T-cell activation, reinforcing chronic vascular inflammation and maintaining
long-term hypertension. Natural killers (fuchsia dots): 1. Ang II can affect BP levels by acting on
2. T lymphocytes by stimulating the release of 3. IL-17, this interleukin increases the cytotoxicity
of 4. natural killers (NKs), leading to the release of 5. IL-6, TNF-α, and interferon gamma (IFN-γ),
which have effects on 6a. blood vessels generating vasoconstriction and 6b. the kidneys increasing
the release of reactive oxygen species (ROS), decreasing Na+ transport; consequently, there is greater
accumulation of Na+ and water (H2O), contributing to HTN.
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Table 2. Immunological mechanisms in hypertension: preclinical evidence.

Authors Type of immunity Description Results

Elfarra et al. [27] Innate
NK Cells

Three groups of pregnant rats
were studied: a control group, a
group induced with RUPP, and
another group induced with
RUPP and NK cell depletion.
NK cell levels, mean arterial
pressure, fetal weight, and
cytokines were monitored.

Mean arterial pressure (MAP)
was measured and compared
among groups: in normal rats,
MAP was 108 ± 2 mmHg; in
RUPP rats, 125 ± 2 mmHg; and
in RUPP + NK depletion rats,
122 ± 2 mmHg.

Wu et al. [31] Innate
Macrophages

RAW264.7 macrophages were
stimulated with Ang II to
simulate the inflammatory
process.

Macrophage polarization to the
M1 type was observed,
promoting the release of iNOS,
TNF-α, IL-1β, and IL-6, as well
as increasing the levels of
connexin 43 (Cx43) and NF-κB
(p65) in macrophages.

Ao et al. [34] Innate
Receptors

The interaction between innate
immune receptor signaling
adapters was studied in human,
porcine, bovine, caprine, equine,
murine, and avian renal cell
cultures.

In all these species, TLRs
activate a signaling pathway
that leads to the production of
NF-κB, IRF, and MAPK,
culminating in the release of
pro-inflammatory cytokines.

Lu et al. [35] Innate

Two groups of mice were
studied: a wild-type group and
a group with FLT3L deficiency.
Both received continuous Ang II
infusions.

There was a significant increase
in DC and T cells, along with
pro-inflammatory cytokines in
the kidneys of wild-type mice,
accompanied by elevated MAP,
compared to FLT3L-deficient
mice (FLT3L−/−).

Rodriguez
et al. [40]

Adaptive
T Lymphocytes

Three groups of genetically
hypertensive mice were studied:
one receiving a vehicle, one
infused with MMF, and a
control group.

The MMF-infused group
showed normalization of blood
pressure; a reduction in
lymphocytes, macrophages, and
Ang II-positive cells infiltrating
the kidney; and reduced
oxidative stress.

Mikolajczyk
et al. [41]

Adaptive
T Lymphocytes

Ang II was chronically infused
into the perivascular adipose
tissue of mice.

Increased presence of T cells,
particularly those with CC
chemokine receptors (CCR1,
CCR3, and CCR5 for RANTES),
as well as increased macrophage
and dendritic cell infiltration.
RANTES (−/−) knockout
protected against T cell
infiltration.
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Table 2. Cont.

Authors Type of immunity Description Results

Guzik et al. [42] Adaptive
T Lymphocytes

Ang II or DOCA was infused
into RAG-1 mice, which were
then transferred with T cells but
not B cells.

RAG-1 mice did not develop
vascular alterations upon
infusion of Ang II or DOCA.
However, upon T cell transfer,
vascular alterations became
apparent.

Sun et al. [43] Adaptive
T Lymphocytes

Hypertension was induced by
angiotensin II (Ang II) infusion
in mice with T cell-mediated
reactivity (T cell MR) knockout.

MR deficiency in T cells reduced
systolic and diastolic blood
pressure, pre-existing vascular
damage, and IFN-γ levels from
T cells in the kidneys and aorta.

Chan et al. [44] Adaptive
B Lymphocytes

Ang II was infused into BAFFR
−/− mice.

The hypertensive response to
Ang II administration was
attenuated.

Parra et al. [45] Autoimmune

NOS inhibition was performed
in a salt-sensitive hypertensive
mouse model, followed by the
infusion of HSP70 into the
peritoneum.

A regulatory T cell response
was observed, correcting HSP70
immune activity, reducing
immune cell infiltration in renal
tissue, and preventing
salt-induced hypertension.

Abbreviations: IL: interleukin; tumor necrosis factor (TNF-α); interferon-γ (IFN-γ); natural killers (NKs); reduced
uterine perfusion pressure (RUPP); mean arterial pressure (MAP); blood pressure (BP); angiotensin II (Ang
II); inducible nitric oxide synthase (iNOS); toll-like receptor (TLR); nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB); fms-like tyrosine kinase 3 ligand (FLT3L); dendritic cells (DCs); mycophenolate
mofetil (MMF); deoxycorticosterone acetate (DOCA); mineralocorticoid receptor (MR); and heat shock protein 70
(HSP70).

2.2. Adaptive Immunity

Adaptive or acquired immunity consists of a highly organized set of processes that
eliminate or prevent threats from elements ideally foreign to the body and is capable of rec-
ognizing and remembering specific antigens, thus generating immunity. It is fundamentally
made up of lymphocytes [41,46].

T lymphocytes are central orchestrators of the adaptive immune system. While their
story begins with hematopoietic precursors in the bone marrow, it is within the thymus
that they undergo a critical and intricate process of maturation and selection. This thymic
education ensures the generation of a diverse T cell repertoire capable of recognizing
foreign antigens while maintaining a tolerance to self-antigens, a fundamental balance that
can be disrupted in chronic inflammatory states like hypertension. Once they complete
this maturation, these cells circulate and can differentiate into various functional subtypes,
including helper T cells (Th1, Th2, Th17), regulatory T cells (Treg), and cytotoxic T lympho-
cytes. The role of T cells in the pathophysiology of HTN varies significantly from one cell
type to another, being involved in tissue dysfunction, vascular remodeling and stiffness,
and renal sodium retention [47].

Over a decade ago, it was found that lymphocytes and macrophages are capable of
infiltrating the kidneys of SHR, and that administering MMF caused a reduction in T and B
cells, thereby attenuating the symptoms of HTN [48]. Additionally, it was demonstrated
that infusions of Ang II induced an immune response mediated by Th1 cells characterized
by an increase in IFN-γ and a decrease in IL-4 in the spleen and kidney [49], and thus CD4+
and CD8 lymphocytes are essential in the process of the vascular remodeling induced by
angiotensin [50].
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Studying the perivascular leukocyte infiltration induced by Ang II and its relationship
with vascular dysfunction, it was determined that chronically infusing Ang II into the
perivascular adipose tissue could be observed to increase the content of T cells, especially
those with receptors for chemokines CC (CCR) 1, CCR3, and CCR5 receptors for RANTES
chemokines, also increasing the infiltration of macrophages and DCs. On the other hand, the
elimination of RANTES was associated with protection against the endothelial dysfunction
induced by Ang II, related to a decrease in vascular oxidative stress and the infiltration of
IFN-γ producing T cells in the perivascular space (Figure 2) [51].

 

Figure 2. Mechanisms of adaptive immunity in HTN. T lymphocytes (purple dots): 1. Elevated levels
of angiotensin II (Ang II) induce 2. an increase in the number of T lymphocytes, as well as 3. the
expression of chemokine receptor-5 on them, whose ligands are the RANTES chemokines. These
chemokines increase their expression in perivascular adipose tissue in the presence of Ang II. They
are also capable of 4. inducing chemotaxis and the perivascular accumulation of T lymphocytes,
which in turn are responsible for 5. the production of interferon-gamma (IFN-γ) and interleukin-17A
(IL-17A) in the perivascular space, leading to 6. fibroblast proliferation with consequent 7. vascular
fibrosis, increasing stiffness and vascular dysfunction, which are key factors in the development
of hypertension (HTN). B lymphocytes (turquoise dots): 1. Ang II infusions are associated with
2. an increase in the number of B lymphocytes and the consequent 3. production of antibodies
that 4a. can act as agonists of the angiotensin II type 1 receptor (AA-AT1R), the alpha-1 adrenergic
receptor (AA-α1AR), and the beta-1 adrenergic receptor (AA-β1AR), whose activity has been linked
to 5a. increased peripheral vasoconstriction, in addition to 6a. elevated cardiac output (CO), both
of which contribute to increased blood pressure. On the other hand, 4b. other antibodies act as
agonists of voltage-dependent L-type calcium channels, causing calcium accumulation in vascular
smooth muscle cells, which leads to 5b. vasoconstriction, increased peripheral vascular resistance,
and ultimately HTN.

Similarly, Guzik et al. conducted research on RAG-1 mice, which lack T and B cells,
observing that these mice showed a decrease in BP and did not develop vascular function
alterations when infused with Ang II or deoxycorticosterone acetate (DOCA) salt. However,
transferring T cells, but not B cells, restored these alterations. Furthermore, transferring T
cells that lack Ang I receptors, or a functional NADPH enzyme, resulted in a decrease in
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BP figures in rats with Ang II-dependent HTN and a reduction in the production of ROS at
the aortic level. It was also observed that Ang II significantly increased the infiltration of T
cells in the perivascular adipose tissue, and that these cells exhibited a high expression of
CCR5, which was associated with an increase in the intracellular adhesion molecule 1 and
the expression of RANTES in the aorta. HTN was also associated with an increase in the
TNF expression by T lymphocytes, thereby supporting the role of inflammation as part of
the pathophysiology of HTN [42].

Moreover, studying the vascular dysfunction caused by T lymphocytes and IL-7A
derived from them, Schüler et al. found that comparing mice (CD4-IL-17Aind) with control
mice, elevated levels of ROS and significantly greater vascular dysfunction were observed in
the first group studied, which also showed vascular fibrosis with highly proliferative fibrob-
lasts, mainly caused by the exposure to IL-17A, finding a decrease in the pathNO/cGMP
pathway, contrasting with an increase in the levels of protein tyrosine kinase 2 (PYK2) in
the perivascular tissue, which is triggered by oxidative stress associated with T cells, thus
demonstrating that IL-17A derived from T cells causes vascular dysfunction [52].

Another study determined that the mineralocorticoid receptor (MR) of T cells inter-
venes in the BP through the regulation of interferon gamma. The study was conducted on
mice with a knockout of MR in T cells and HTN induced by Ang II, demonstrating that the
deficiency of MRs in T cells decreases both the systolic and diastolic BP, pre-existing vascu-
lar damage, and the levels of IFNγ originating from T cells in the kidneys and aorta [43],
thus showing that the inflammation produced by the activation of T cells is related to the
development of HTN.

While the role of B lymphocytes in adaptive immunity is well-established, their specific
contribution to hypertension development has long been a subject of considerable debate.
The influential work by Guzik et al. initially appeared to resolve this question by demon-
strating that while the transfer of T lymphocytes to Rag1−/− mice restored angiotensin II
(Ang II)-induced hypertension, the transfer of B lymphocytes did not. This finding rele-
gated B cells to a seemingly secondary role in the hypertension pathogenesis [42]. However,
subsequent research has directly challenged this conclusion, reigniting controversy in the
field. Studies using a selective B cell depletion (via anti-CD20 antibodies) or a genetic
deficiency of mature B cells (BAFF-R−/− mice) have convincingly demonstrated that the
absence of B lymphocytes attenuates Ang II-induced hypertension and associated vascular
damage. These findings suggest a causal role for B cells, potentially mediated through the
production of autoantibodies with agonistic activity against receptors such as AT1R or via
the secretion of pro-inflammatory cytokines [44].

This discrepancy between key studies represents a critical gap in our understanding. It
raises the fundamental question of whether B lymphocytes contribute to hypertension in a
context-dependent manner or whether different experimental models reveal distinct facets
of their biology. Elucidating the precise role of B cell subpopulations and their relevance in
human hypertension remains a priority for future research.

2.3. Autoimmunity in Hypertension

The pathophysiology of essential HTN shares common characteristics with mecha-
nisms observed in the development of autoimmune diseases, notably inflammation and
oxidative stress. These are core components of the cycle linked to vascular dysfunction
and kidney damage. The fundamental basis for its development involves the infiltration of
T cells, B cells, macrophages, and NK cells into these organs, coupled with the effects of
the cytokines they release, which lead to endothelial dysfunction and a loss of nitric oxide
bioavailability, causing vasoconstriction [53].
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Through experimental models in mice, Kirabo et al. [54] describe that in HTN, certain
proteins oxidatively modified by γ-ketoaldehydes, known as isoketals, accumulate within
DCs. This accumulation is associated with the formation by DCs of IL-6, IL-1β, and IL-23
and an increase in costimulatory proteins CD80 and CD86. Similarly, the activation of DCs
promoted the proliferation of T cells, polarizing them and differentiating them into an
inflammatory phenotype that involves the production of pro-inflammatory cytokines, such
as IL-17, IFN-γ, and TNF-α. Clinical relevance was established through observations of
elevated isoprostanes in hypertensive patients, with significantly higher levels in resistant
HTN cases. These findings position isoketal-modified proteins as potential neoantigens,
supported by the concomitant elevation of plasma F2-isoprostanes and mononuclear cell
isoketal levels in hypertensive patients (Figure 3) [54].

 

Figure 3. The integration of innate and adaptive immunity in HTN. When the organs responsible for
blood pressure (BP) regulation are damaged, 1. the concentration of angiotensin II (Ang II), sodium
(Na+), and neoantigens, such as the immunogenic isolevuglandin protein (IsoLG), increases, leading
to 2. the stimulation of both the innate and adaptive immune systems, which in turn 3. interact with
each other, enhancing their respective activity, 4. ultimately resulting in hypertension (HTN) through
combined and individual mechanisms that include 5. damage to BP-regulating organs, perpetuating
the cycle and the entire immunological mechanism of HTN.

The concept of oxidative stress-derived neoantigens, such as isoketal adducts, presents
an elegant mechanistic framework, yet critical questions remain. It is still uncertain whether
isoketals act as the primary autoimmune triggers or if they are part of a broader spectrum
of autoantigens generated in the pro-oxidative environment of HTN. Furthermore, the
universality of this mechanism across different hypertension subtypes (particularly salt-
sensitive or treatment-resistant phenotypes) remains to be fully established. Future research
should focus on characterizing a more comprehensive repertoire of hypertension-associated
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autoantigens, confirming their presence and pathogenic role in human cohorts, and evaluating
whether antigen-specific tolerance induction could offer therapeutic benefits. Addressing
these gaps is essential to validate this hypothesis and explore its potential clinical applications.

Beyond isoketal-modified proteins, other oxidative stress-related molecules have been
implicated in hypertension-associated autoimmunity. Among these, heat shock proteins
(HSPs) represent another important class of immunodominant molecules. It has been
established that the expression of heat shock protein 70 (HSP70) is elevated in the kidneys
of hypertensive mice and has been linked to the development of essential HTN, as it
has properties that can induce or suppress an inflammatory response [55]. It has been
hypothesized that the expression of this protein in arterial walls occurs in response to HTN,
due to the biomechanical and hemodynamic stress they undergo, establishing that this
phenomenon is governed by genetic variables in the individual but can be influenced by
epigenetic variables [40]. A study aimed at elucidating the possible mechanisms of cell
immunity involved in HTN worked with mouse models of SS hypertension by inhibiting
iNOS, with a protein overload and proteinuria, and by the infusion of Ang II, which
is associated with a significant increase in the expression of HSP70 in the kidney and a
significant increase in the response of T cells in lymphoid tissue [45]. Another study based
on mouse models of salt-sensitive HTN, obtained by inhibiting iNOS to test the relevance
of immune reactivity driven by HSP70 in HTN, induced immune tolerance through the
peritoneal infusion of HSP70, achieving a regulatory response of T cells, correcting the
immune activity of HSP70, reducing the infiltration of immune cells in the kidney tissue,
and preventing HTA caused by a high-salt diet [56].

Furthermore, it was established that there is a higher expression of genes for HSP70 in
hypertensive patients compared to a control group, and this difference was also extrapo-
lated to the expression of plasma HSP70 protein, both being statistically significant [57].
Another study, aimed at determining the interaction of HSP70 and its polymorphisms in
relation to the risk presented by cooks who work with ovens of developing HTA, found
that the genetic polymorphisms of the individual were capable of interacting with the
environment, and that this could increase the risk of workers developing HTA in the
future [58].

3. Inflammation and Hypertension: From Immunological Alteration to
Multisystemic Involvement

Considering all the mechanisms previously mentioned, these lead to low-grade chronic
inflammation, which can result in organ damage. These modifications occurring in the
organs, in turn, contribute to the pathophysiology of HTN, which is why we will now
provide further details (Figure 4) [59].

3.1. Renal Inflammation in Hypertension

The kidney plays the most critical role in BP regulation, participating in both blood
volume control and vasoconstriction. Blood volume regulation occurs through the excretion
of water and electrolytes—primarily sodium—while vasoconstriction occurs through the
release of renin, the formation of Ang II, and the secretion of vasopressor substances.
This raises the question of the potential relationship between the kidney, HTA, and the
immune system. Based on evidence from biopsies performed after renal sympathectomies
for the treatment of HTA [59,60] and autopsy studies of patients with severe HTA [61],
inflammatory infiltration has been observed, which is why it is pertinent to describe the
special changes that occur in the kidney during HTA related to the immune system.
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Figure 4. The integration of immunological mechanisms involved in hypertension. Substantial
evidence indicates that the immune system plays a crucial role in the pathophysiology of arterial
hypertension, acting at multiple levels and affecting various organ systems. At the core of these
mechanisms lies the activation of both innate and adaptive immunity, as well as autoimmune pro-
cesses. Regarding innate immunity, various cell types are involved, including natural killer (NK)
cells, dendritic cells (DCs), macrophages, mast cells, and neutrophils. NK cells are activated by IL-17,
which contributes to vascular dysfunction. Angiotensin II, in turn, increases the activity of DCs and
macrophages, stimulating the production of large amounts of pro-inflammatory cytokines, reactive
oxygen species (ROS), and inducible nitric oxide synthase (iNOS). Neutrophils also generate signifi-
cant amounts of ROS, while mast cells, activated via IgE, secrete IL-6. In a pro-oxidative environment,
proteins modified by γ-ketoaldehydes, known as isoketals, accumulate within DCs, promoting the
release of pro-inflammatory cytokines and the upregulation of costimulatory molecules, such as
CD80 and CD86, in addition to inducing T cell proliferation and activation. These T cells can also be
activated by heat shock protein 70 (HSP70), which is elevated in hypertension. With respect to adap-
tive immunity, angiotensin II promotes the proliferation of T cells expressing chemokine receptors for
RANTES (CCR1, CCR3, and CCR5), leading to the increased expression of adhesion molecules, such
as ICAM-1, and the enhanced production of pro-inflammatory cytokines, including TNF-α and IFN-γ
by Th1 cells and IL-17A by Th17 cells. B cells also appear to contribute by producing autoantibodies
with agonist activity against receptors such as AT1R, as well as by secreting pro-inflammatory cytokin-
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es. The pro-inflammatory state described above induces inflammation in various organs, the first of
which is the vascular system. The activation of the renin–angiotensin–aldosterone system (RAAS)
promotes the mobilization of monocytes from the circulation and infiltration of the perivascular ad-
ventitia by immune cells such as DCs, macrophages, and T lymphocytes. This inflammatory response
increases TNF-α levels, favoring ROS accumulation and reducing nitric oxide (NO) bioavailability in
the endothelium, resulting in endothelial dysfunction. Additionally, increased IL-17A leads to further
ROS accumulation and stimulates immune cells to produce IL-6, IL-8, and the chemokine CCL2,
contributing to damage in vascular smooth muscle. Renal inflammation is another key component in
hypertension. Angiotensin II activates macrophages, promoting their infiltration into renal tissue
and contributing to fibrosis, while also inducing the production of several cytokines. Among these,
TNF-α increases sodium retention and tubular injury; TGF-β is involved in fibrosis and proteinuria;
IL-1β promotes inflammation and the activation of NK cells; and IFN-γ enhances the activity of renal
sodium transporters such as NHE3, NKCC2, and NCC—all of which facilitate sodium reabsorption
and thus contribute to the hypertensive pathophysiology. Nervous system (NS) inflammation has
also been implicated in the development and maintenance of hypertension. Microglial activation
creates a pro-inflammatory environment in brain cardioregulatory centers, stimulating a sympathetic
tone and thereby raising the blood pressure. Angiotensin II not only enhances sympathetic activation
but also increases the activity of T cells and perivascular macrophages, promoting ROS production
both in the vasculature and within the CNS.

In animal models, the case of rats exposed to an Ang II infusion for 12 days stands
out. After this period, these rats showed macrophage infiltration in the renal interstitium,
along with an elevated BP, interstitial fibrosis, and preglomerular fibrosis compared to the
control group. However, when MMF (an immunosuppressive drug) was administered
with Ang II, the previously mentioned response was prevented, suggesting a role for
macrophages in salt-sensitive HTN [62]. This is supported by studies where the removal
of LysM-expressing macrophages reduces the endothelial dysfunction and HTA during
chronic Ang II infusion [63].

Macrophages, in turn, have the ability to release pro-inflammatory cytokines (TNF-α
and IL-1β), a role also held by other immune cells. These cytokines play a fundamental role
in renal damage by enhancing renal sodium reabsorption and increasing oxidative stress,
among other effects [64,65]. Therefore, we will focus on describing the role of cytokines in
renal damage.

Specifically, TNF-α increases the hypertensive response and associated renal injury in
rodent models. Studies have shown that the specific deficit or blockade of TNF mitigates
the chronic hypertensive response to Ang II [42,66] and in others where TNF was directly
toxic to glomerular epithelial cells [67]. As expected, inhibiting TNF in rats attenuates
the glomerular and tubular injury caused by HTN [68]. Moreover, studies involving the
infusion of a TNF blocker directly into the renal interstitium have described that it can
protect against salt-induced BP elevations [69]. Thus, pre-clinical studies corroborate the
role of TNF in promoting sodium retention and renal damage during HTN [70].

Another important cytokine is IL-1, as mice deficient in this cytokine receptor are
partially protected from HTN via the RAAS [64,65]. There are two active isoforms of inter-
leukin 1, interleukin 1α and interleukin 1β. However, an innate signaling complex called
the NLRP3 inflammasome cleaves prointerleukin 1β into its active form. These bind to
the same interleukin-1 receptor (IL-1R), driving the recruitment of myeloid differentiation
factor 88 (MyD88), a critical component of the TLR-dependent immune response, and
several kinases that together facilitate the translocation of the p65 component of NF-κB
to the nucleus where it drives the transcription of genes encoding inflammatory proteins,
including TNF [71]. Components of NLRP3 have been described to exacerbate the hyper-
tensive response to various stimuli, suggesting a role for interleukin 1 in regulating BP.
Similarly to the results with TNF, the deficiency of these components mitigates the elevation
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of the BP and renal injury after the infusion of Ang II or mineralocorticoids [72,73]. With an
additional benefit, it limits the sodium retention dependent on the Na-K-Cl cotransporter
(NKCC) in the nephron, thus providing partial protection against Ang II-dependent HTN
through another distinct pathway [74].

Moving beyond the previously mentioned cytokines, interferon (IFN) has also shown
significant importance since the use of MMF in mice with HTN induced by DOCA and
salt showed a decrease in the number of CD3+ cells in the cortex and medulla. Significant
decreases in IFN-γ were also observed in the urine [75]. This cytokine, Produced by
T lymphocytes and macrophages, drives and marks the differentiation of T cells into a
subtype of TH1 cells and stimulates both macrophages and B cells. It also enhances sodium
transport through the NHE3 transporter in the proximal tubule and through NKCC2 and
NCC in the distal nephron [76].

As a result, a deficit of IFN attenuates the chronic hypertensive response to Ang II [77].
However, alterations in the heterodimeric receptor for IFN (IFNR1) did not affect the Ang
II-induced elevation in BP, suggesting that signaling through the other component of the
heterodimer may be sufficient to preserve IFN-dependent sodium retention. Nonetheless,
signaling through IFNR1 appears to be crucial for propagating tubulointerstitial inflamma-
tion in the kidney during HTN [78].

Regarding the renal fibrosis characteristic of HTN, the transforming growth factor-β
produced by renal cells and Tregs cells is key, particularly during the activation of the
RAAS [79]. TGF-β triggers renal fibrogenesis by increasing the deposit of extracellular
matrix proteins and inhibiting the activity of matrix metalloproteinases [80]. Consequently,
the chronic administration of recombinant TGF-β1 or TGF-β2 causes renal fibrosis, pro-
teinuria, and an elevated BP, presumably due to the loss of vascular elasticity, altered
natriuresis, or both [81]. Additionally, circulating levels of TGF-β in Ang II-dependent
HTN are increased [82]. On the other hand, dietary sodium, in salt-sensitive HTN, can
stimulate the renal production of TGF-β [83,84]. Finally, anti-TGF-β therapy significantly
reduces the BP, proteinuria, and renal fibrosis in Dahl SS rats [85].

Overall, these preclinical data indicate that the global activation of the RAAS is largely
inflammatory, through the activation of inflammatory cell receptors in the kidney and other
target organs. Therefore, it is proposed that the resulting target organ damage is a product
of secondary immune activation, leading to the production of pro-inflammatory cytokines
from infiltrating mononuclear cells, and, in turn, these cytokines mediate HTN and salt
sensitivity, partly due to an impairment of renal sodium handling [64,65].

3.2. Vascular Inflammation in Hypertension

Vascular tissue inflammation is a hallmark of HTN, characterized by the infiltration of
CD4 and CD8 T lymphocytes, macrophages, and DCs into the perivascular tissue and the
adventitia of medium and large vessels, as demonstrated in experimental models [86–88].
In the kidney, immune cells are found around the renal arteries. The reasons for this
phenomenon have not been fully elucidated, but it involves sympathetic nerve endings,
and, as is well-known, perivascular inflammation is highly dependent on the CNS [37,89].
As expected, suppressing vascular inflammation has been associated with correcting HTN
in various experimental models [90–92]. This includes the case of transferring T cells into
mice genetically devoid of them, which restored the full hypertensive response to Ang II
that they previously lacked [42].

Additionally, in another study, mice lacking the monocyte/macrophage chemotactic
factor, the macrophage colony-stimulating factor (m-CSF), showed protection against vas-
cular endothelial dysfunction, remodeling, and oxidative stress during Ang II-dependent
HTN [63,93]. Similarly, the selective ablation of LysM+ macrophages and monocytes with
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the diphtheria toxin (DTX) has been shown to attenuate the hypertensive response, limiting
endothelial and smooth muscle vascular dysfunction and reducing the formation of ROS in
the vasculature [94].

Regarding monocytes, their migration from the spleen to the vascular subendothelium
following the activation of the RAAS has been observed, thereby stimulating vascular
injury [95]. Among the effectors of myeloid cells, as mentioned in this review, TNF-α is a
key mediator of inflammation induced by monocytes/macrophages, playing a significant
role in the hypertensive vascular pathology [96,97]. The TNF-dependent activation of
nuclear factor kappa B (NF-kB) originates pro-inflammatory signaling and NADPH (NOX)
that stimulates ROS generation and reduces NO production in the vasculature, resulting in
the impairment of vascular endothelial function and an increased susceptibility to hyper-
tensive stimuli [98–101]. Thus, myeloid cells derived from multiple cellular compartments
participate in BP homeostasis through actions in the vasculature, producing ROS and in-
flammatory cytokines that contribute to vascular dysfunction and the consequent elevation
of BP; i.e., the same functions of monocytes that provide innate immunity against invasive
microorganisms can inappropriately elevate the BP under sterile conditions [102–104].

As previously highlighted regarding the role of cytokines in renal damage, other
cytokines are important in vascular deterioration, such as interleukin-17A, primarily pro-
duced by CD4+ T cells [105]. This cytokine induces damage to vascular smooth muscle cells
by promoting the local generation of ROS, CCL2, interleukin 8, and interleukin 6 [106]. No-
tably, serum levels of IL-17 are described as increasing more than threefold in hypertensive
patients compared to healthy controls [107].

In mice, the systemic activation of the RAAS increases the production of IL-17 by
T lymphocytes and triggers the accumulation of IL-17 protein in the medial layer of the
vessel [108]. Consequently, the administration of IL-17 stimulates endothelial dysfunction
and elevated BP through a ρ kinase-dependent pathway [109]. Conversely, the suppression
or inhibition of IL-17A, but not blocking the alternative isoform IL-17F, inhibits renal
and vascular inflammation and the elevation of BP during chronic Ang II infusion [110].
Similarly, the deletion of γ-δ T cells, a key source of IL-17A, provides protection against
experimental HTN [111].

Additionally, this cytokine has renal functions not mentioned in the previous section,
such as its ability to drive sodium reabsorption through the NHE3 exchanger in the proxi-
mal tubule and the sodium transporter NCC in the distal convoluted tubule [112]. Thus,
the effects of IL-17A on vascular remodeling and renal sodium handling may synergisti-
cally contribute to HTN. However, the specific tissue actions and isoforms of IL-17 require
further clarification, as altering this cytokine has shown detrimental effects [113].

3.3. CNS and SNS Inflammation in Hypertension

For a long time, renal sympathectomy has been studied as a treatment for HTN, linking
the nervous system to the pathogenesis of HTA. Therefore, the role of inflammation in the
CNS has been studied, and it has been found that increased inflammation in the cardioregu-
latory centers of the brain is associated with a greater activation of the sympathetic nervous
system, resulting in an increased BP, while the inhibition of this inflammation improves
HTN [114]. The sympathetic nervous system also innervates the bone marrow, spleen, and
lymph nodes, releasing neurotransmitters that stimulate the mobilization and release of
immune cells into the peripheral circulation, favoring, for example, the hyperactivity of T
cells during HTN, which makes them more likely to increase the vascular tone, enhance
the sodium transport in the nephron, and instigate autoimmune lesions in cardiovascular
control tissues [115–117], as well as enhanced pro-inflammatory responses [118].
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Regarding the effects of macrophages, in this case, it is appropriate to discuss mi-
croglia, which function as the primary innate immune cells in the CNS. This has been
studied through the ablation of microglia via the intraventricular administration of DTX in
mice with transgenic DTX receptor (DTR)–CD11b receptors, achieving reduced neuroin-
flammation and BP in multiple HTN models. This effect is supported by studies where
reducing microglia lowered the expression of the glutamate receptor in the paraventricular
nucleus (PVN), plasma levels of vasopressin, and concentrations of norepinephrine in the
kidneys, indicating that microglia mediate the increase in the systemic BP through the
modulation of neuronal excitation [119].

Ang II has been extensively studied in the CNS to understand its mechanism of
action in this system. It has been observed that when centrally administered, it increases
splenic sympathetic nerve activity and causes an increase in the splenic expression of
pro-inflammatory cytokines, illustrating that central prohypertensive stimuli can lower the
activation threshold for peripheral T cells [118]. However, T cell function is also suppressed
in these models, which may help mitigate HTN. For example, ablating the circumventricular
organs responsible for central sensitivity to Ang II (collectively, the AV3V) attenuates Ang
II-dependent HTN as expected but also decreases the proportions of activated circulating T
cells and the total number of T cells infiltrating the aorta wall [120].

The activation of the RAAS, the bioavailability of nitric oxide (NO), and subsequent
sympathoexcitation play a fundamental role in HTN. In relation to this, it has been shown
that there is an increased protein expression of PIN (a protein inhibitor of nNOS, neuronal
nitric oxide synthase, which dissociates nNOS dimers into monomers) with concomitantly
reduced levels of catalytically active nNOS dimers in the PVN of rats, mediated by Ang II.
Taken together, these studies suggest that increased central levels of Ang II contribute to the
enhanced expression of PIN, leading to the reduced expression of the dimeric form of nNOS,
thereby diminishing the inhibitory action of NO on pre-autonomic neurons in the PVN,
resulting in an increased sympathetic output [121]. This trafficking of substances and also
circulating immune cells to the CNS is achieved because HTN increases the permeability of
the blood–brain barrier, allowing, for example, the mentioned systemic Ang II to enter the
cerebral circulation [122], and, additionally, Ang II can also activate the AT1 receptor on
perivascular macrophages (PVMs) in the brain, promoting the pathogenicity of PVM actions
to instigate neurovascular dysfunction through ROS production via NOX2 during chronic
HTN. Thus, intrinsic CNS myeloid cells or those invading from the systemic circulation
can exacerbate HTN by increasing the sympathetic output [123,124].

Finally, the sympathetic output directly reaches the kidney through the renal nerve. In
this respect, bilateral renal denervation attenuates the chronic hypertensive response to
Ang II, improves the hypertensive kidney injury, and limits the activation of renal T cells.
The effects of the renal nerve to stimulate T cells are apparently independent of the BP
since unilateral denervation allows the hypertensive response to persist and reduces T cell
infiltration only in the denervated kidney [13]. Therefore, the CNS sympathetic output acts
at the level of the vasculature and directly in the kidney to modulate T cell functions during
HTN. In some human hypertensive patients, renal denervation similarly leads to a decrease
in BP, inhibition of monocyte activation, and reduction in pro-inflammatory markers in
serum. However, recent studies report that there was no evidence of the beneficial effects
of renal denervation compared to standard treatments on cardiovascular morbidity and
mortality [125].

3.4. Omics and Genetic Findings in the Immunology of Hypertension

HTN presents a complex genetic architecture that has been partially deciphered
through large-scale genomic studies, particularly genome-wide association studies
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(GWASs). These investigations have identified over 1400 common variants across more
than 900 genomic regions associated with blood pressure traits, collectively accounting for
approximately 27% of its estimated heritability. Although each polymorphism contributes
modestly on its own, together they reveal extensive biological networks, many of which
are linked to immune and inflammatory functions. The TGF-β signaling pathway emerges
as one of the most relevant in this context due to its influence on sodium re-absorption,
vascular fibrosis, and the modulation of pro-inflammatory cytokines. Key genes such as
SMAD, ACVR1C, and BMP2 act as mediators of these processes, while KLF14, associated
with this same pathway, links immune dysregulation with metabolic dysfunctions such as
insulin resistance. This functional axis between the metabolism, inflammation, and blood
pressure suggests that HTN should not be viewed solely as a hemodynamic disorder but
rather as an immunometabolic condition in many of its phenotypes [126–129].

The contribution of the adaptive immune system to HTN has been highlighted by
variants such as rs3184504 in the SH2B3 gene, which encodes a regulatory protein in im-
mune cells. This variant causes a missense mutation (Arg→Trp) that lowers the activation
threshold of T lymphocytes, favoring a pro-inflammatory response characterized by in-
creased IFN-γ production, the infiltration of T cells and monocytes into target tissues, and
an exacerbated hypertensive response to angiotensin II. In murine models, the functional
deficiency of Sh2b3 has been shown to induce a hypertensive and inflammatory phenotype
dependent on hematopoietic cells. Simultaneously, integrated omics analyses have revealed
the differential expression of blood pressure-related genes in tissues such as the adrenal
cortex and vascular endothelium. For instance, alterations in CTNNB1 (β-catenin) are
associated with autonomous aldosterone production in adrenal adenomas—a mechanism
relevant in resistant hypertension that also promotes vascular inflammation. These find-
ings suggest that certain genetic variants not only predispose individuals to physiological
dysfunctions but also amplify dysregulated immune responses that perpetuate target organ
damage [127,128,130].

Additionally, multiple GWAS-identified genes have been linked to vascular tone reg-
ulation and innate immunity. VEGFA, FGF9, and APOE are involved in angiogenesis,
leukocyte adhesion, and endothelial integrity, while UTS2R and ARHGEF25 modulate
smooth muscle contraction through Rho GTPase-dependent pathways. The influence
of PRDM6, an epigenetic modulator expressed in smooth muscle and ren-in-producing
cells, further strengthens the connection between vascular development and the hormonal
regulation of blood pressure. These observations have led to the development of polygenic
risk scores (PRSs), which integrate multiple genetic variants to predict the individual risk
of HTN and associated cardiovascular events. Such scores have shown correlations with
lifestyle traits such as obesity, alcohol consumption, and insulin sensitivity, highlighting a
deep interaction between genetic predispositions, environmental factors, and immunoin-
flammatory mechanisms in the pathophysiology of hypertension [127,128,130,131].

4. The Management of Hypertension as an Immunological Disease: Are
There Possibilities for New Therapeutic Targets?

Currently, pharmacological therapy is the primary means of controlling BP; there
are multiple first-line drugs, including angiotensin receptor blockers (ARBs), known for
modulating the RAAS and protecting vulnerable organs by controlling inflammation and
reducing oxidative stress [132]. Studies evaluating the effect of candesartan on plasma levels
of inflammatory mediators such as Soluble Intercellular Adhesion Molecule-1 (sICAM-1),
interleukin-6 (IL-6), and high-sensitivity C-reactive protein (Hs-CRP) have found that levels
of these mediators are significantly lower after treatment, with a significant decrease in
the systolic and diastolic blood pressure [133–135]. Conversely, a prospective study in a
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general population in Switzerland, where levels of C-reactive protein (CRP), interleukins 1β
(IL-1β), and 6 (IL-6), and tumor necrosis factor alpha (TNF-α) were studied and categorized,
found no differences in levels of these inflammatory markers between participants who
took ARBs and those who did not [136]. However, none of the participants in the ARB
group were on a monotherapy, and the methods used to measure inflammatory markers
were serum-based, leaving an open window for local anti-inflammatory effects in organs
to differ.

Although the aforementioned drugs are well-established and approved for the clinical
management of arterial hypertension, recent years have seen growing interest in exploring
innovative therapeutic strategies. These novel approaches aim to address hypertension
from its underlying origin as an inflammatory condition. As a result, emerging lines of
investigation are focusing on immunosuppressive agents, cytokine-targeted therapies, and
the modulation of the gut microbiome as potential avenues for a more comprehensive and
targeted hypertension treatment.

4.1. Immunosuppressant Agents
4.1.1. Mycophenolate Mofetil

Clinical HTN is undoubtedly associated with immune activation, a fact we have
sufficiently described. Human studies evaluating the effect of immunomodulatory drugs
in patients with an immune pathology plus HTA have shown encouraging results. For
example, a study described that eight patients with essential HTN who received MMF
for coexisting rheumatoid arthritis or psoriasis without modifying their antihypertensive
treatment or diet had a decrease in BP during the MMF treatment associated with a
reduction in urinary TNF-α, highlighting that the BP returned to previously high levels
when MMF was discontinued [137], suggesting that the improvement in HTN was the
result of immunosuppression. Similarly, other studies have reported the effect of immune
therapies on HTN as a comorbidity of other classic autoimmune diseases, such as SLE,
psoriasis, periodontitis, and rheumatoid arthritis [53,137], reporting favorable effects on BP.
However, there is a reluctance to treat primary HTN from an immunological approach [138].
Therefore, the risk–benefit ratio of immune-targeted therapies for primary HTN must be
evaluated, and, to date, this risk has been described as probably too high to justify a change
in the current treatment [139].

4.1.2. Methotrexate

Attempting to consider a treatment that directly involves the immune system without
many adverse effects, the use of methotrexate (MTX) (a first-line antirheumatic drug) as part
of antihypertensive treatment has been proposed for its discreet side effects, comparable
to those of classic antihypertensives [140,141]. As reported by a study comparing patients
with rheumatoid arthritis on the MTX treatment, they had a significantly lower central
and peripheral BP over 24 h compared to those not taking MTX [142]. Additionally, low
doses of MTX (target doses of 15 to 20 mg per week) have been studied for the prevention
of atherosclerotic events in patients with a history of myocardial infarction or multivessel
coronary disease who also have type 2 diabetes mellitus or metabolic syndrome. After
more than two years of follow-up, it was shown that MTX did not produce lower levels of
IL-1β, IL-6, CRP, or components of the metabolic syndrome than the placebo [143].

4.2. Selected Anti-Cytokine Therapies
4.2.1. Anti-TNF-α

Anti-TNF-α therapy, among other approaches, has gained increasing attention in
recent years for its potential blood pressure-lowering effects. A recent study investigating
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the effect of anti-rheumatic therapies on the BP in patients with recent-onset RA revealed
significant findings. Over a one-year monitoring period, patients treated with infliximab
(IFX) experienced a notable decrease in BP, specifically an average reduction of 4.7 mmHg
in SBP and 3.9 mmHg in DBP. It is important to note that upon the discontinuation of the
IFX treatment, BP levels tended to return to their initial pre-treatment values [144]. Another
study, conducted by Yoshida et al., investigated the impact of IFX on BP in 16 patients
diagnosed with RA. Using 24 h ambulatory BP monitoring, they observed a significant
decrease in BP after two weeks of the IFX treatment. Specifically, reductions were noted
in the morning BP (from 129.7 ± 19.7 to 116.9 ± 13.4 mmHg) and daytime BP (from
131.8 ± 15.1 to 122.5 ± 13.7 mmHg). Notably, only 44% of the patients in this study had
hypertension, indicating that the observed BP reduction occurred in both normotensive
and hypertensive individuals [145].

In contrast, a randomized controlled trial that evaluated whether combining MTX with
IFX is more effective than MTX alone in preventing atherosclerosis and arterial stiffness
in patients with early RA concluded that while MTX plus IFX led to a more substantial
reduction in the pulse wave velocity, a key indicator of arterial stiffness, it did not find
significant differences in the BP of the studied patients after six months of treatment [146].
Similar findings were reported by an Australian study that administered TNF-α inhibitors,
specifically etanercept, adalimumab, or infliximab, to RA patients for six weeks. No
significant changes were observed in the blood pressure values or improvements in the
arterial stiffness among the patients studied [147].

4.2.2. IL-1β

On the other hand, therapies targeting IL-1β have demonstrated encouraging out-
comes. Notably, canakinumab has been shown to reduce key inflammatory biomarkers in
patients with a history of myocardial infarction, as well as leading to a significantly lower
rate of recurrent cardiovascular events than the placebo group, but it was also associated
with a higher incidence of fatal infections than the placebo [148]. Recently, the CANTOS
(Canakinumab Anti-Inflammatory Thrombosis Outcome Study) provided the opportunity
to test whether IL-1β inhibition would reduce BP, prevent incident HTN, and modify the
relationships between HTN and cardiovascular events. In this study, 10,061 patients with a
previous myocardial infarction and Hs-CRP ≥ 2 mg/L were randomized to canakinumab
50 mg, 150 mg, 300 mg, or a placebo. A total of 9549 trial participants had BP records during
the follow-up; of these, 80% had a pre-existing diagnosis of HTN. In patients without base-
line HTN, the rates of incident HTN were 23.4, 26.6, and 28 (p > 0.2). It was described that in
all participants, the random assignment to canakinumab did not reduce the BP (p > 0.2) or
incident HTN during the follow-up period (hazard ratio, 0.96 [0.85–1.08], p > 0.2). However,
it did reduce the rates of major adverse cardiovascular events. Therefore, these analyses
suggest that the mechanisms underlying this benefit are not related to changes in BP or
incident HTN [149].

4.3. The Role of the Gut Microbiome in Immune Regulation and Hypertension Therapy

Modulating the gut microbiome is gaining recognition as a promising strategy for
managing hypertension. Evidence from various sources, including both animal models
and initial human studies, increasingly points to the effectiveness of specific interventions.
These interventions, which include the intake of dietary fiber and probiotics, have shown
potential in contributing to lower blood pressure levels. This area of research suggests that
by influencing the composition and function of the gut microbiota, we might open new
avenues for therapeutic approaches to hypertension [150].
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4.3.1. Fiber

Dietary fiber, defined as undigestible carbohydrate polymers with a degree of polymer-
ization [151], has been studied in recent years due to its effect on blood pressure, mediated
by its relationship with the gut microbiome. The microbiome ferments certain types of
fiber, releasing microbial metabolites called short-chain fatty acids (SCFAs), such as acetate,
propionate, and butyrate [152]. These can also trigger various downstream signaling path-
ways, either by activating G protein-coupled receptors or by directly stimulating immune
cells [153].

Clinical studies have been conducted to evaluate the effects of SCFAs. Among them is
a Phase II, randomized, placebo-controlled, and double-blind crossover trial that examined
the impact of a prebiotic supplement: acetylated and butyrylated high-amylose maize
starch (HAMSAB). In this study, 20 participants with untreated hypertension received
either 40 g/day of HAMSAB or a placebo for three weeks, with a three-week washout
period between treatments. The results revealed that participants who received HAMSAB
experienced a clinically significant reduction in their 24 h systolic blood pressure, but no
alterations were observed in the plasma levels of cytokines, including IL-1β, IL-17A, IL-10,
and TNF-α [154].

Another study, a blinded, randomized crossover dietary intervention, aimed to deter-
mine whether increasing the dietary intake of SCFAs could influence adaptive immunity
in humans. It analyzed twenty healthy adults, who consumed a high-SCFA diet for 21
days. The high-SCFA diet significantly boosted fecal SCFA concentrations while reducing
fecal ammonia. It also led to notably higher plasma levels of propionate and butyrate.
Concurrently, this diet resulted in significantly lower counts of several circulating immune
cells, including total B cells, naive B cells, Th1 cells, and mucosal-associated invariant T
cells [155].

However, the critical evaluation of this field reveals two major controversies: the
causality and clinical relevance of the observed effects. While a fecal microbiota transplan-
tation in animal models supports a causal role, human data remain largely associative.
A fundamental challenge lies in determining whether dysbiosis causes or results from
hypertension. The modest blood pressure reductions reported in meta-analyses (typically
2–4 mmHg), though promising, must be contextualized against established pharmacother-
apies. Notably, Reynolds et al.’s comprehensive meta-analysis of 185 observational studies
and 58 clinical trials (∼135 million person-years) found that fiber consumption was asso-
ciated with a 15–30% lower cardiovascular mortality risk and a 1.27 mmHg SBP reduc-
tion [156], highlighting potential population-level benefits despite individual effect sizes.

A key research gap remain—the lack of large-scale, long-term clinical trials demon-
strating whether microbiome modulations through fiber or probiotics can produce clinically
relevant and sustained blood pressure reductions. The current evidence, while mecha-
nistically intriguing, has yet to establish microbiome-targeted interventions as definitive
hypertension therapies, warranting both cautious interpretation and further investigation.

4.3.2. Probiotics

Recent findings suggest that an increased probiotic intake is linked to a reduced risk
of chronic metabolic disorders, like hyperglycemia, dyslipidemia, and hypertension. This
could prove promising as a therapeutic alternative to currently available pharmaceutical
treatments [157].

An umbrella meta-analysis led by Zarezadeh et al., encompassing 14 meta-analyses
and over 15,000 participants, found that probiotic supplementation significantly reduced
both SBP and DBP. Reductions were more pronounced for SBP in older individuals (over
50 years old) and with shorter intervention durations (≤10 weeks) and for DBP with
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higher probiotic dosages (≥1010 CFU). Notably, SBP also decreased more in patients with
pre-existing hypertension or diabetes [158].

Similarly, Khaleesi et al. conducted a systematic review and meta-analysis of nine
randomized, controlled trials to explore the impact of probiotic consumption on blood
pressure, revealing a significant average reduction of 3.56 mmHg in SBP and 2.38 mmHg in
DBP. These modest improvements were more pronounced with multiple probiotic species,
in individuals with an elevated baseline BP (≥130/85 mmHg), and with interventions
lasting at least 8 weeks at daily doses of ≥1011 colony-forming units (CFUs), suggesting
that under specific conditions, regular probiotic intake could be a beneficial strategy for BP
management [159].

Likewise, a meta-analysis and systematic review conducted by Chi et al. highlights
a significant inverse association between a probiotic intake and the prevalence of chronic
metabolic disorders, such as hypertension, dyslipidemia, and elevated blood glucose.
They analyzed 14 studies involving 846 participants; a reduction was observed in the SBP
(2.05 mmHg) and DBP (1.26 mmHg). Beneficial effects were also found in reducing the BMI
(1.03) and blood glucose levels (0.18 mmol/L). The positive effects on BP were influenced
by the treatment duration, the dosage, and the participant’s age, with particular benefits
seen in individuals with diabetes mellitus [160].

4.4. Vaccination as an Innovative Therapeutic Strategy for Hypertension

On the other hand, an innovative proposal is the development of a vaccine against
HTN, with several models currently under study, all targeting RAS components. For
example, the Ang I-R vaccine against the endogenous peptide Ang I has shown good results
in mice, reducing BP levels as well as vascular and kidney damage. While still in preclinical
stages, such approaches could revolutionize long-term hypertension management by
offering a sustained immunological modulation of key pathways like the RAS, potentially
reducing the need for daily pharmacotherapy. Further research is needed to validate the
safety and efficacy in humans [161].

Therefore, building on these promising initial findings related to the immunological
targeting of hypertension, a key priority for future research is to elucidate the precise
mechanisms by which these novel therapeutic strategies exert their blood pressure-lowering
effects. While initial evidence strongly suggests their benefit, a deeper understanding of the
specific cellular and molecular pathways involved is currently lacking. Unraveling these
underlying mechanisms will allow us to optimize our current therapeutic alternatives.

5. Conclusions
HTN is a major public health problem. It is a significant risk factor for the development

of coronary, cerebrovascular, and peripheral diseases. Recent data have shown a strong as-
sociation between HTN and the inflammatory response, where various stimuli—including
Ang II and sodium, to name a few—are capable of inducing a response from the immune
system (SI) by initiating a signaling cascade that leads to the expression of pro-inflammatory
genes with the subsequent production of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6,
IFN-g, and IL-17A) and the activation of adaptive immunity. This process also increases
immune cells’ infiltration into blood vessels, perivascular adipose tissue, kidneys, and the
nervous system, leading to a process of remodeling and dysfunction, and as they become
dysfunctional, their roles in regulating BP are affected. Based on this, the immune system
is proposed as a potential therapeutic target for HTN, highlighting drugs such as MMF
and MTX or even monoclonal antibody therapy. However, currently, there are no clinical
trials that have approved the efficacy, safety, and adverse effects of these in humans. For
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this reason, it is suggested that these aspects be explored further to propose therapeutic
alternatives for this disease.

Author Contributions: Conceptualization, A.M., H.P., D.A., M.M., P.D., M.J.C., M.N., O.R., J.C.C.-V.,
D.R.-P. and V.B.; methodology, A.M., H.P., D.A., M.M., P.D., M.J.C., M.N., O.R., J.C.C.-V., D.R.-P.
and V.B.; formal analysis, A.M., H.P., D.A., M.M., P.D., M.J.C., M.N., O.R., J.C.C.-V., D.R.-P. and V.B.;
investigation, A.M., H.P., D.A., M.M., P.D., M.J.C., M.N., O.R., J.C.C.-V., D.R.-P. and V.B.; resources,
A.M., H.P., D.A., M.M., P.D., M.J.C., M.N., O.R., J.C.C.-V., D.R.-P. and V.B.; writing—original draft
preparation, A.M., H.P., D.A., M.M., P.D., M.J.C., M.N., O.R., J.C.C.-V., D.R.-P. and V.B.; writing—
review and editing, A.M., H.P., D.A., M.M., P.D., M.J.C., M.N., O.R., J.C.C.-V., D.R.-P. and V.B.;
visualization, D.R.-P. and V.B.; funding acquisition, V.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Universidad Simón Bolívar, Vicerrectoría de Investigación,
Extensión e Innovación, internal funds for research strengthening, Barranquilla, Colombia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hypertension. Available online: https://www.who.int/news-room/fact-sheets/detail/hypertension (accessed on 3 March 2025).
2. Mills, K.T.; Bundy, J.D.; Kelly, T.N.; Reed, J.E.; Kearney, P.M.; Reynolds, K.; Chen, J.; He, J. Global Disparities of Hypertension

Prevalence and Control: A Systematic Analysis of Population-Based Studies from 90 Countries. Circulation 2016, 134, 441–450.
[CrossRef]

3. McEvoy, J.W.; McCarthy, C.P.; Bruno, R.M.; Brouwers, S.; Canavan, M.D.; Ceconi, C.; Christodorescu, R.M.; Daskalopoulou, S.S.;
Ferro, C.J.; Gerdts, E.; et al. 2024 ESC Guidelines for the Management of Elevated Blood Pressure and Hypertension. Eur. Heart J.
2024, 45, 3912–4018. [CrossRef] [PubMed]

4. 2014 Evidence-Based Guideline for the Management of High Blood Pressure in Adults: Report From the Panel Members
Appointed to the Eighth Joint National Committee (JNC 8)|Hypertension|JAMA|JAMA Network. Available online: https:
//jamanetwork.com/journals/jama/fullarticle/1791497 (accessed on 3 March 2025).

5. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention, Detection, Evalu-
ation, and Management of High Blood Pressure in Adults: A Report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines|Hypertension. Available online: https://www.ahajournals.org/doi/10.1
161/HYP.0000000000000065 (accessed on 3 March 2025).

6. Vallée, A.; Safar, M.E.; Blacher, J. Hypertension Artérielle Permanente Essentielle: Définitions et Revue Hémodynamique, Clinique
et Thérapeutique. Presse Médicale 2019, 48 Pt 1, 19–28. [CrossRef] [PubMed]

7. Interactions Between the Sympathetic Nervous System and the RAAS in Heart Failure|Current Heart Failure Reports. Available
online: https://link.springer.com/article/10.1007/s11897-004-0024-5 (accessed on 3 March 2025).

8. Salt, Hypertension, and Immunity|Annual Reviews. Available online: https://www.annualreviews.org/content/journals/10.1
146/annurev-physiol-021317-121134 (accessed on 3 March 2025).

9. Su, Z.; Tian, S.; Liang, W. Circulating CTRP1 Levels Are Increased and Associated with the STOD in Essential Hypertension in
Chinese Patients. Cardiovasc. Ther. 2019, 2019, 4183781. [CrossRef] [PubMed]

10. Jayedi, A.; Rahimi, K.; Bautista, L.E.; Nazarzadeh, M.; Zargar, M.S.; Shab-Bidar, S. Inflammation Markers and Risk of Developing
Hypertension: A Meta-Analysis of Cohort Studies. Heart 2019, 105, 686–692. [CrossRef]

11. Wolf, V.L.; Ryan, M.J. Autoimmune Disease-Associated Hypertension. Curr. Hypertens. Rep. 2019, 21, 10. [CrossRef]
12. Guzik, T.J.; Nosalski, R.; Maffia, P.; Drummond, G.R. Immune and Inflammatory Mechanisms in Hypertension. Nat. Rev. Cardiol.

2024, 21, 396–416. [CrossRef]
13. Xiao, L.; Kirabo, A.; Wu, J.; Saleh, M.A.; Zhu, L.; Wang, F.; Takahashi, T.; Loperena, R.; Foss, J.D.; Mernaugh, R.L.; et al. Renal

Denervation Prevents Immune Cell Activation and Renal Inflammation in Angiotensin II–Induced Hypertension. Circ. Res. 2015,
117, 547–557. [CrossRef]

14. Ebringer, A.; Doyle, A.E. Raised Serum IgG Levels in Hypertension. Br. Med. J. 1970, 2, 146–148. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/hypertension
https://doi.org/10.1161/CIRCULATIONAHA.115.018912
https://doi.org/10.1093/eurheartj/ehae178
https://www.ncbi.nlm.nih.gov/pubmed/39210715
https://jamanetwork.com/journals/jama/fullarticle/1791497
https://jamanetwork.com/journals/jama/fullarticle/1791497
https://www.ahajournals.org/doi/10.1161/HYP.0000000000000065
https://www.ahajournals.org/doi/10.1161/HYP.0000000000000065
https://doi.org/10.1016/j.lpm.2018.11.017
https://www.ncbi.nlm.nih.gov/pubmed/30665781
https://link.springer.com/article/10.1007/s11897-004-0024-5
https://www.annualreviews.org/content/journals/10.1146/annurev-physiol-021317-121134
https://www.annualreviews.org/content/journals/10.1146/annurev-physiol-021317-121134
https://doi.org/10.1155/2019/4183781
https://www.ncbi.nlm.nih.gov/pubmed/31772610
https://doi.org/10.1136/heartjnl-2018-314216
https://doi.org/10.1007/s11906-019-0914-2
https://doi.org/10.1038/s41569-023-00964-1
https://doi.org/10.1161/CIRCRESAHA.115.306010
https://doi.org/10.1136/bmj.2.5702.146


Int. J. Mol. Sci. 2025, 26, 9921 24 of 30

15. Adlin, E.V.; Moctezuma, J.; Marks, A.D.; Moctezuma, J.; Channick, B.J. Serum Immunoglobulins in Hypertension. Hypertension
1979, 1, 650–653. [CrossRef]

16. Mirhafez, S.R.; Mohebati, M.; Feiz Disfani, M.; Saberi Karimian, M.; Ebrahimi, M.; Avan, A.; Eslami, S.; Pasdar, A.; Rooki, H.;
Esmaeili, H.; et al. An Imbalance in Serum Concentrations of Inflammatory and Anti-Inflammatory Cytokines in Hypertension. J.
Am. Soc. Hypertens. JASH 2014, 8, 614–623. [CrossRef]

17. Sesso, H.D.; Buring, J.E.; Rifai, N.; Blake, G.J.; Gaziano, J.M.; Ridker, P.M. C-Reactive Protein and the Risk of Developing
Hypertension. JAMA 2003, 290, 2945–2951. [CrossRef] [PubMed]

18. Bautista, L.E.; López-Jaramillo, P.; Vera, L.M.; Casas, J.P.; Otero, A.P.; Guaracao, A.I. Is C-Reactive Protein an Independent Risk
Factor for Essential Hypertension? J. Hypertens. 2001, 19, 857–861. [CrossRef]

19. Youn, J.-C.; Yu, H.T.; Lim, B.J.; Koh, M.J.; Lee, J.; Chang, D.-Y.; Choi, Y.S.; Lee, S.-H.; Kang, S.-M.; Jang, Y.; et al. Immunosenescent
CD8+ T Cells and C-X-C Chemokine Receptor Type 3 Chemokines Are Increased in Human Hypertension. Hypertension 2013, 62,
126–133. [CrossRef]

20. Navarro-González, J.F.; Mora, C.; Muros, M.; Jarque, A.; Herrera, H.; García, J. Association of Tumor Necrosis Factor-Alpha
with Early Target Organ Damage in Newly Diagnosed Patients with Essential Hypertension. J. Hypertens. 2008, 26, 2168–2175.
[CrossRef]

21. Carpenter, S.; O’Neill, L.A.J. From Periphery to Center Stage: 50 Years of Advancements in Innate Immunity. Cell 2024, 187,
2030–2051. [CrossRef]

22. Monserrat Sanz, J.; Gómez Lahoz, A.M.; Sosa Reina, M.D.; Prieto Martín, A. Introducción al Sistema Inmune. Componentes
Celulares Del Sistema Inmune Innato. Med.-Programa Form. Méd. Contin. Acreditado 2017, 12, 1369–1378. [CrossRef]

23. Lopez Gelston, C.A.; Mitchell, B.M. Recent Advances in Immunity and Hypertension. Am. J. Hypertens. 2017, 30, 643–652.
[CrossRef] [PubMed]

24. Ruiz de Morales, J.M.G.; Puig, L.; Daudén, E.; Cañete, J.D.; Pablos, J.L.; Martín, A.O.; Juanatey, C.G.; Adán, A.; Montalbán,
X.; Borruel, N.; et al. Critical Role of Interleukin (IL)-17 in Inflammatory and Immune Disorders: An Updated Review of the
Evidence Focusing in Controversies. Autoimmun. Rev. 2020, 19, 102429. [CrossRef]

25. Travis, O.K.; White, D.; Pierce, W.A.; Ge, Y.; Stubbs, C.Y.; Spradley, F.T.; Williams, J.M.; Cornelius, D.C. Chronic Infusion of
Interleukin-17 Promotes Hypertension, Activation of Cytolytic Natural Killer Cells, and Vascular Dysfunction in Pregnant Rats.
Physiol. Rep. 2019, 7, e14038. [CrossRef] [PubMed]

26. Shields, C.A.; McCalmon, M.; Ibrahim, T.; White, D.L.; Williams, J.M.; LaMarca, B.; Cornelius, D.C. Placental Ischemia-Stimulated
T-Helper 17 Cells Induce Preeclampsia-Associated Cytolytic Natural Killer Cells During Pregnancy. Am. J. Physiol.-Regul. Integr.
Comp. Physiol. 2018, 315, R336–R343. Available online: https://pubmed.ncbi.nlm.nih.gov/29718698/ (accessed on 3 March 2025).
[CrossRef]

27. Elfarra, J.; Amaral, L.M.; McCalmon, M.; Scott, J.D.; Cunningham, M.W.; Gnam, A.; Ibrahim, T.; LaMarca, B.; Cornelius, D.C.
Natural Killer Cells Mediate Pathophysiology in Response to Reduced Uterine Perfusion Pressure. Clin. Sci. 2017, 131, 2753–2762.
[CrossRef]

28. Fujiu, K.; Shibata, M.; Nakayama, Y.; Ogata, F.; Matsumoto, S.; Noshita, K.; Iwami, S.; Nakae, S.; Komuro, I.; Nagai, R.; et al. A
Heart-Brain-Kidney Network Controls Adaptation to Cardiac Stress through Tissue Macrophage Activation. Nat. Med. 2017, 23,
611–622. [CrossRef]

29. Nikitina, E.; Larionova, I.; Choinzonov, E.; Kzhyshkowska, J. Monocytes and Macrophages as Viral Targets and Reservoirs. Int. J.
Mol. Sci. 2018, 19, 2821. [CrossRef]

30. Sivalingam, A.M.; Pandian, A. IL-1β and Vascular Inflammation in Hypertension and Metabolic Diseases? Hypertens. Res. 2024,
47, 3284–3285. [CrossRef] [PubMed]

31. Wu, L.; Chen, K.; Xiao, J.; Xin, J.; Zhang, L.; Li, X.; Li, L.; Si, J.; Wang, L.; Ma, K. Angiotensin II Induces RAW264.7 Macrophage
Polarization to the M1-type through the Connexin 43/NF-κB Pathway. Mol. Med. Rep. 2020, 21, 2103–2112. [CrossRef]

32. Hernanz, R.; Martínez-Revelles, S.; Palacios, R.; Martín, A.; Cachofeiro, V.; Aguado, A.; García-Redondo, L.; Barrús, M.T.; de
Batista, P.R.; Briones, A.M.; et al. Toll-like Receptor 4 Contributes to Vascular Remodelling and Endothelial Dysfunction in
Angiotensin II-Induced Hypertension. Br. J. Pharmacol. 2015, 172, 3159–3176. [CrossRef] [PubMed]

33. Singh, M.V.; Cicha, M.Z.; Nunez, S.; Meyerholz, D.K.; Chapleau, M.W.; Abboud, F.M. Angiotensin II-Induced Hypertension and
Cardiac Hypertrophy Are Differentially Mediated by TLR3- and TLR4-Dependent Pathways. Am. J. Physiol.-Heart Circ. Physiol.
2019, 316, H1027–H1038. [CrossRef]

34. Ao, D.; Li, S.; Jiang, S.; Luo, J.; Chen, N.; Meurens, F.; Zhu, J. Inter-Relation Analysis of Signaling Adaptors of Porcine Innate
Immune Pathways. Mol. Immunol. 2020, 121, 20–27. [CrossRef] [PubMed]

35. Lu, X.; Rudemiller, N.P.; Privratsky, J.R.; Ren, J.; Wen, Y.; Griffiths, R.; Crowley, S.D. Classical Dendritic Cells Mediate Hypertension
by Promoting Renal Oxidative Stress and Fluid Retention. Hypertension 2020, 75, 131–138. [CrossRef]

https://doi.org/10.1161/01.HYP.1.6.650
https://doi.org/10.1016/j.jash.2014.05.007
https://doi.org/10.1001/jama.290.22.2945
https://www.ncbi.nlm.nih.gov/pubmed/14665655
https://doi.org/10.1097/00004872-200105000-00004
https://doi.org/10.1161/HYPERTENSIONAHA.113.00689
https://doi.org/10.1097/HJH.0b013e32830e2545
https://doi.org/10.1016/j.cell.2024.03.036
https://doi.org/10.1016/j.med.2016.12.006
https://doi.org/10.1093/ajh/hpx011
https://www.ncbi.nlm.nih.gov/pubmed/28200062
https://doi.org/10.1016/j.autrev.2019.102429
https://doi.org/10.14814/phy2.14038
https://www.ncbi.nlm.nih.gov/pubmed/30963715
https://pubmed.ncbi.nlm.nih.gov/29718698/
https://doi.org/10.1152/ajpregu.00061.2018
https://doi.org/10.1042/CS20171118
https://doi.org/10.1038/nm.4326
https://doi.org/10.3390/ijms19092821
https://doi.org/10.1038/s41440-024-01884-4
https://www.ncbi.nlm.nih.gov/pubmed/39261701
https://doi.org/10.3892/mmr.2020.11023
https://doi.org/10.1111/bph.13117
https://www.ncbi.nlm.nih.gov/pubmed/25712370
https://doi.org/10.1152/ajpheart.00697.2018
https://doi.org/10.1016/j.molimm.2020.02.013
https://www.ncbi.nlm.nih.gov/pubmed/32142955
https://doi.org/10.1161/HYPERTENSIONAHA.119.13667


Int. J. Mol. Sci. 2025, 26, 9921 25 of 30

36. Barbaro, N.R.; Foss, J.D.; Kryshtal, D.O.; Tsyba, N.; Kumaresan, S.; Xiao, L.; Mernaugh, R.L.; Itani, H.A.; Loperena, R.; Chen, W.;
et al. Dendritic Cell Amiloride-Sensitive Channels Mediate Sodium-Induced Inflammation and Hypertension. Cell Rep. 2017, 21,
1009–1020. [CrossRef]

37. Foss, J.D.; Fiege, J.; Shimizu, Y.; Collister, J.P.; Mayerhofer, T.; Wood, L.; Osborn, J.W. Role of Afferent and Efferent Renal Nerves in
the Development of AngII-salt Hypertension in Rats. Physiol. Rep. 2018, 6, e13602. [CrossRef] [PubMed]

38. Van Beusecum, J.P.; Barbaro, N.R.; McDowell, Z.; Aden, L.A.; Xiao, L.; Pandey, A.K.; Itani, H.A.; Himmel, L.E.; Harrison,
D.G.; Kirabo, A. High Salt Activates CD11c+ Antigen Presenting Cells Via Serum Glucocorticoid Kinase 1 to Promote Renal
Inflammation and Salt-Sensitive Hypertension. Hypertension 2019, 74, 555–563. [CrossRef]

39. Nguyen, B.A.; Alexander, M.R.; Harrison, D.G. Immune Mechanisms in the Pathophysiology of Hypertension. Nat. Rev. Nephrol.
2024, 20, 530–540. [CrossRef]

40. Rodriguez-Iturbe, B.; Lanaspa, M.A.; Johnson, R.J. The Role of Autoimmune Reactivity Induced by Heat Shock Protein 70 in the
Pathogenesis of Essential Hypertension. Br. J. Pharmacol. 2019, 176, 1829–1838. [CrossRef] [PubMed]

41. Mikolajczyk, T.P.; Guzik, T.J. Adaptive Immunity in Hypertension. Curr. Hypertens. Rep. 2019, 21, 68. [CrossRef] [PubMed]
42. Guzik, T.J.; Hoch, N.E.; Brown, K.A.; McCann, L.A.; Rahman, A.; Dikalov, S.; Goronzy, J.; Weyand, C.; Harrison, D.G. Role of

the T Cell in the Genesis of Angiotensin II Induced Hypertension and Vascular Dysfunction. J. Exp. Med. 2007, 204, 2449–2460.
[CrossRef] [PubMed]

43. Sun, X.-N.; Li, C.; Liu, Y.; Du, L.-J.; Zeng, M.-R.; Zheng, X.-J.; Zhang, W.-C.; Liu, Y.; Zhu, M.; Kong, D.; et al. T-Cell Mineralocorti-
coid Receptor Controls Blood Pressure by Regulating Interferon-Gamma. Circ. Res. 2017, 120, 1584–1597. [CrossRef]

44. Chan, C.T.; Sobey, C.G.; Lieu, M.; Ferens, D.; Kett, M.M.; Diep, H.; Kim, H.A.; Krishnan, S.M.; Lewis, C.V.; Salimova, E.; et al.
Obligatory Role for B Cells in the Development of Angiotensin II–Dependent Hypertension. Hypertension 2015, 66, 1023–1033.
[CrossRef]

45. Parra, G.; Quiroz, Y.; Salazar, J.; Bravo, Y.; Pons, H.; Chavez, M.; Johnson, R.J.; Rodriguez-Iturbe, B. Experimental Induction
of Salt-Sensitive Hypertension Is Associated with Lymphocyte Proliferative Response to HSP70. Kidney Int. Suppl. 2008, 111,
S55–S59. [CrossRef]

46. Shokoples, B.G.; Paradis, P.; Schiffrin, E.L. Immunological Insights into Hypertension: Unraveling Triggers and Potential
Therapeutic Avenues. Hypertens. Res. Off. J. Jpn. Soc. Hypertens. 2024, 47, 2115–2125. [CrossRef] [PubMed]

47. Ren, J.; Crowley, S.D. Role of T-Cell Activation in Salt-Sensitive Hypertension. Am. J. Physiol.—Heart Circ. Physiol. 2019, 316,
H1345–H1353. [CrossRef] [PubMed]

48. Rodríguez-Iturbe, B.; Quiroz, Y.; Nava, M.; Bonet, L.; Chávez, M.; Herrera-Acosta, J.; Johnson, R.J.; Pons, H.A. Reduction of Renal
Immune Cell Infiltration Results in Blood Pressure Control in Genetically Hypertensive Rats. Am. J. Physiol. Renal Physiol. 2002,
282, F191–F201. [CrossRef] [PubMed]

49. Shao, J.; Nangaku, M.; Miyata, T.; Inagi, R.; Yamada, K.; Kurokawa, K.; Fujita, T. Imbalance of T-Cell Subsets in Angiotensin
II–Infused Hypertensive Rats With Kidney Injury. Hypertension 2003, 42, 31–38. [CrossRef]

50. Idris-Khodja, N.; Mian, M.O.R.; Paradis, P.; Schiffrin, E.L. Dual Opposing Roles of Adaptive Immunity in Hypertension. Eur.
Heart J. 2014, 35, 1238–1244. [CrossRef]

51. Mikolajczyk, T.P.; Nosalski, R.; Szczepaniak, P.; Budzyn, K.; Osmenda, G.; Skiba, D.; Sagan, A.; Wu, J.; Vinh, A.; Marvar, P.J.; et al.
Role of Chemokine RANTES in the Regulation of Perivascular Inflammation, T-Cell Accumulation, and Vascular Dysfunction in
Hypertension. FASEB J. 2016, 30, 1987–1999. [CrossRef]

52. Schüler, R.; Efentakis, P.; Wild, J.; Lagrange, J.; Garlapati, V.; Molitor, M.; Kossmann, S.; Oelze, M.; Stamm, P.; Li, H.; et al.
T Cell-Derived IL-17A Induces Vascular Dysfunction via Perivascular Fibrosis Formation and Dysregulation of ·NO/cGMP
Signaling. Oxid. Med. Cell. Longev. 2019, 2019, 6721531. [CrossRef]

53. Small, H.Y.; Migliarino, S.; Czesnikiewicz-Guzik, M.; Guzik, T.J. Hypertension: Focus on Autoimmunity and Oxidative Stress.
Free Radic. Biol. Med. 2018, 125, 104–115. [CrossRef]

54. Kirabo, A.; Fontana, V.; de Faria, A.P.C.; Loperena, R.; Galindo, C.L.; Wu, J.; Bikineyeva, A.T.; Dikalov, S.; Xiao, L.; Chen, W.; et al.
DC Isoketal-Modified Proteins Activate T Cells and Promote Hypertension. J. Clin. Investig. 2014, 124, 4642–4656. [CrossRef]
[PubMed]

55. Oyagbemi, A.A.; Omobowale, T.O.; Ola-Davies, O.E.; Asenuga, E.R.; Ajibade, T.O.; Adejumobi, O.A.; Arojojoye, O.A.; Afolabi,
J.M.; Ogunpolu, B.S.; Falayi, O.O.; et al. Quercetin Attenuates Hypertension Induced by Sodium Fluoride via Reduction in
Oxidative Stress and Modulation of HSP 70/ERK/PPARγ Signaling Pathways. BioFactors 2018, 44, 465–479. [CrossRef]

56. Pons, H.; Ferrebuz, A.; Quiroz, Y.; Romero-Vasquez, F.; Parra, G.; Johnson, R.J.; Rodriguez-Iturbe, B. Immune Reactivity to
Heat Shock Protein 70 Expressed in the Kidney Is Cause of Salt-Sensitive Hypertension. Am. J. Physiol. Renal Physiol. 2013, 304,
F289–F299. [CrossRef]

57. Srivastava, K.; Narang, R.; Bhatia, J.; Saluja, D. Expression of Heat Shock Protein 70 Gene and Its Correlation with Inflammatory
Markers in Essential Hypertension. PLoS ONE 2016, 11, e0151060. [CrossRef]

https://doi.org/10.1016/j.celrep.2017.10.002
https://doi.org/10.14814/phy2.13602
https://www.ncbi.nlm.nih.gov/pubmed/29405658
https://doi.org/10.1161/HYPERTENSIONAHA.119.12761
https://doi.org/10.1038/s41581-024-00838-w
https://doi.org/10.1111/bph.14334
https://www.ncbi.nlm.nih.gov/pubmed/29679484
https://doi.org/10.1007/s11906-019-0971-6
https://www.ncbi.nlm.nih.gov/pubmed/31321561
https://doi.org/10.1084/jem.20070657
https://www.ncbi.nlm.nih.gov/pubmed/17875676
https://doi.org/10.1161/CIRCRESAHA.116.310480
https://doi.org/10.1161/HYPERTENSIONAHA.115.05779
https://doi.org/10.1038/ki.2008.513
https://doi.org/10.1038/s41440-024-01731-6
https://www.ncbi.nlm.nih.gov/pubmed/38778172
https://doi.org/10.1152/ajpheart.00096.2019
https://www.ncbi.nlm.nih.gov/pubmed/30901277
https://doi.org/10.1152/ajprenal.0197.2001
https://www.ncbi.nlm.nih.gov/pubmed/11788432
https://doi.org/10.1161/01.HYP.0000075082.06183.4E
https://doi.org/10.1093/eurheartj/ehu119
https://doi.org/10.1096/fj.201500088R
https://doi.org/10.1155/2019/6721531
https://doi.org/10.1016/j.freeradbiomed.2018.05.085
https://doi.org/10.1172/JCI74084
https://www.ncbi.nlm.nih.gov/pubmed/25244096
https://doi.org/10.1002/biof.1445
https://doi.org/10.1152/ajprenal.00517.2012
https://doi.org/10.1371/journal.pone.0151060


Int. J. Mol. Sci. 2025, 26, 9921 26 of 30

58. Zheng, J.-P.; Lyu, Y.; Li, R.; Tian, F.; Mu, J. Interaction of Heat Shock Protein 70 (HSP70) Polymorphisms and Occupational
Hazards Increases the Risk of Hypertension in Coke Oven Workers. Occup. Environ. Med. 2018, 75, 807–813. [CrossRef] [PubMed]

59. Hall, J.E.; Granger, J.P.; do Carmo, J.M.; da Silva, A.A.; Dubinion, J.; George, E.; Hamza, S.; Speed, J.; Hall, M.E. Hypertension:
Physiology and Pathophysiology. Compr. Physiol. 2012, 2, 2393–2442. [CrossRef]

60. Justin Rucker, A.; Crowley, S.D. The Role of Macrophages in Hypertension and Its Complications. Pflugers Arch. 2017, 469,
419–430. [CrossRef] [PubMed]

61. Duncanson, E.R.; Mackey-Bojack, S.M. Histologic Examination of the Heart in the Forensic Autopsy. Acad. Forensic Pathol. 2018, 8,
565–615. [CrossRef]

62. Rodríguez-Iturbe, B.; Pons, H.; Quiroz, Y.; Gordon, K.; Rincón, J.; Chávez, M.; Parra, G.; Herrera-Acosta, J.; Gómez-Garre, D.;
Largo, R.; et al. Mycophenolate Mofetil Prevents Salt-Sensitive Hypertension Resulting from Angiotensin II Exposure. Kidney Int.
2001, 59, 2222–2232. [CrossRef]

63. Wenzel, P.; Knorr, M.; Kossmann, S.; Stratmann, J.; Hausding, M.; Schuhmacher, S.; Karbach, S.H.; Schwenk, M.; Yogev, N.; Schulz,
E.; et al. Lysozyme M–Positive Monocytes Mediate Angiotensin II–Induced Arterial Hypertension and Vascular Dysfunction.
Circulation 2011, 124, 1370–1381. [CrossRef] [PubMed]

64. Wen, Y.; Crowley, S.D. Renal Effects of Cytokines in Hypertension. Curr. Opin. Nephrol. Hypertens. 2018, 27, 70–76. [CrossRef]
65. Lu, X.; Crowley, S.D. Inflammation in Salt-Sensitive Hypertension and Renal Damage. Curr. Hypertens. Rep. 2018, 20, 103.

[CrossRef]
66. Zhang, J.; Patel, M.B.; Griffiths, R.; Mao, A.; Song, Y.; Karlovich, N.S.; Sparks, M.A.; Jin, H.; Wu, M.; Lin, E.E.; et al. Tumor Necrosis

Factor-α Produced in the Kidney Contributes to Angiotensin II-Dependent Hypertension. Hypertension 2014, 64, 1275–1281.
[CrossRef]
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