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ABSTRACT

Hypertension is one of the most widespread public health concerns worldwide and remains a major contributor to serious
cardiovascular complications. Traditionally, elevated blood pressure and subsequent organ injury have been linked pri-
marily to hemodynamic mechanisms. However, recent evidence highlights a key role for inflammation in this process. The
immune system—comprising diverse cells, signaling molecules, and tissues—normally protects the host, yet under certain
circumstances, its components can become pathogenic. Hypertension appears to be one such condition: some immune
elements promote blood pressure elevation, whereas others exert protective effects. This review summarizes current find-
ings on how both innate and adaptive immune cells influence the development of hypertension.
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INTRODUCTION

Hypertension, defined as a persistent blood pressure
of at least 140/90 mmHg, affects roughly one quarter
to nearly half of adults worldwide and is the leading
modifiable risk factor for cardiovascular mortality.!
Current estimates suggest that about 1.13 billion indi-
viduals live with this condition, two-thirds of whom
reside in low- or middle-income nations. Although sec-
ondary causes exist, most cases are classified as essen-
tial hypertension, reflecting the interplay of genetic
predisposition with environmental, endocrine, and
hemodynamic influences. Increasingly, elements of
the immune system are also recognized as important
contributors.?

Theimmune system itself is an intricate network of cells,
organs, and signaling pathways designed to defend the
host against pathogens and other harmful stimuli. Its 2
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principal arms—innate and adaptive immunity—oper-
ate in close cooperation rather than in isolation. Interest
in how these defenses intersect with blood pressure
regulation dates back more than 50 years, though early
investigations were limited. Over the past decade and a
half, research activity in this area has expanded mark-
edly. Key observations include: (1) T-cell infiltration of
the kidneys across multiple experimental hypertension
models; (2) lymphocyte accumulation in the aortic wall
following angiotensin Il (Ang Il) infusion; (3) histologic
evidence of lymphocyte-associated interstitial and vas-
cular injury in hypertensive patients; and (4) reductions
in blood pressure after treatment with immunosuppres-
sive agents in both animal and human studies.>*

This review focuses on contemporary data exploring
how immune system components may drive or counter-
act the development of hypertension.
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Natural Immunity Cells and Hypertension

The innate immune system, present in all vertebrate species
and remarkably conserved through evolution, provides the first
line of defense through non-specific mechanisms. This arm of
immunity relies on a variety of cell types—including monocytes,
macrophages, dendritic cells, natural killer (NK) cells, eosino-
phils, basophils, neutrophils, and mast cells—to detect and
neutralize harmful stimuli.

Macrophages

Experimental data strongly implicate macrophages in blood
pressure regulation. Targeted depletion of lysozyme-M-posi-
tive myelomonocytic cells greatly reduces their angiotensin-
driven accumulation within the vascular wall and mitigates Ang
ll-related hypertension and vascular injury.® Likewise, osteo-
petrotic (Op/Op) mice, which have impaired macrophage func-
tion, show blunted blood pressure elevation and less vascular
remodeling after Ang Il or deoxycorticosterone acetate (DOCA)
salt treatment.® Dietary sodium also influences macrophage
behavior: higher salt intake can modify local osmolarity and
drive macrophages toward a pro-inflammatory phenotype. The
resulting kidneyimmune-cell infiltration promotes tissue dam-
age and cytokine release, further disturbing fluid and electro-
lyte homeostasis and creating a feedback loop that sustains
hypertension.’

Therenin-angiotensin axis modulates these effects. Angiotensin
[l acting through angiotensin Il type 1 receptor (AT1) receptors
favors a pro-inflammatory M1 macrophage profile, augments
Toll-like receptor-4 (TLR-4) signaling, and stimulates release of
reactive oxygen species (ROS), cytokines, and chemokines. In
contrast, AT2 receptor activation supports M2 differentiation,
encourages interleukin-10 production, and facilitates tissue
repair.”

Neutrophils

Neutrophils represent the most abundant circulating leukocyte
population and possess potent phagocytic activity, relying on
enzymes such as lysozyme and myeloperoxidase to degrade
ingested material. Their involvement in hypertension remains
debated. A Japanese population study linked elevated neutro-
phil counts to higher hypertension risk,® and animal models of
spontaneous hypertension demonstrate increased neutrophil

MAIN POINTS

« The immune system is closely associated with hypertension
pathogenesis.

«  While some components of the immune system play a pro-
hypertensive role, some are anti-hypertensive.

+ Thereisaneed for human studies investigating the role of the
immune system in the pathogenesis of hypertension and its
clinical consequences.
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and myeloperoxidase activity alongside elevated blood pres-
sure.® These findings suggest that neutrophils might enhance
vascular oxidative stress, impair endothelial function, and
promote recruitment of other inflammatory cells through che-
mokine secretion, thereby fostering a pro-hypertensive envi-
ronment.’® Nevertheless, transferring neutrophils into mice
lacking myeloid cells did not re-establish hypertension, leaving
their direct causal role unconfirmed.*

Oxidative Stress

The level of oxidative stress reflects the balance between ROS
generation and the body’s antioxidant defenses. In macro-
phages, NADPH oxidase serves as a central enzyme producing
ROS to combat pathogens. Stimulation by Ang Il or mineralo-
corticoids enhances NADPH oxidase activity, which in turn acti-
vates NF-xB and drives a pro-inflammatory immune response.
This cascade promotes activation of leukocytes and macro-
phages, leading to further ROS formation.

Within the kidney, tubulointerstitial inflammation augments
local Ang Il synthesis and ROS production. The resulting ROS
neutralize nitric oxide, increasing renal vascular tone, encour-
aging sodium retention, and raising blood pressure.'*

Experimental work also implicates vascular oxidative stress. In
ApoE-/- mice on a high-fat diet, reducing superoxide derived
from myelomonocytes lessens hypertension and atheroscle-
rotic lesions. In contrast, adoptive transfer of monocytes after
selective depletion of LysM-positive myelomonocytic cells
heightens Ang Il-induced oxidative activity via NADPH oxidase,
causing vascular dysfunction and elevated pressure.*? Figure 1
summarizes these links between ROS and hypertension.

Dendritic Cells

Dendritic cells, which originate in the bone marrow and circu-
late through blood, lymphoid organs, and peripheral tissues,
are emerging as key players in Ang ll-dependent hypertension.
Multiple murine models demonstrate that these antigen-pre-
senting cells are essential for the hypertensive response.

T-cell activation requires not only presentation of antigen
through the major histocompatibility complex but also costim-
ulatory signaling between dendritic cells and T cells.” One criti-
cal pathway involves the B7 ligands (CD80/CD86) on dendritic
cellsengaging CD27 on T cells.** Ang Il infusion in mice increases
dendritic-cell CD86 expression, and blockade or deletion of B7
ligands lowers Ang II- or DOCA-salt-driven blood pressure; even
established hypertension can be reversed when this costimula-
tion is inhibited.*

Additional interactions reinforce this effect. CD70 on dendritic
cellsbinds CD28 on T cells, facilitating the formation of memory
T cells. Mouse studies show that up-regulated CD70 leads to the
expansion of memory T cells producing interferon-gamma (IFN-
y) and IL-17A within the kidney and bone marrow—cytokines
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Figure 1. The effect of oxidative stress on blood pressure.

linked to hypertension.” These mice develop salt-sensitive
hypertension, which disappears when CD70 is deactivated.”
Aldosterone likewise activates dendritic cells and increases
IL-17-producing T cells; mineralocorticoid receptor antagonists
can blunt this response.®

Conversely, the ubiquitin-modulating protein A20 limits den-
dritic-cell activation of T cells. Mice with heterozygous A20
deletion in CD11c-positive dendritic cells exhibit exaggerated
blood-pressure elevations after low-dose Ang Il and show

higher counts of tumor necrosis factor-a (TNF-o) and IFN-y-
secreting memory T cells in the kidney.'” Collectively, these
findings underscore the pivotal contribution of dendritic cells
to T-cell-mediated mechanisms of hypertension.

Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are an assorted
group of immature myeloid cells that modulate immune
responses. They are generally recognized as one of the mecha-
nisms through which the immune system restrains excessive
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inflammation and protects tissues from immune-mediated
injury. Experimental hypertension models demonstrate an
accumulation of MDSCs, which appear to curb inflammation
and contribute to elevated blood pressure via hydrogen perox-
ide production.®®

Acquired (Adaptive) Immunity and Hypertension

Whereas the innate immune system responds to broad, con-
served microbial patterns, the adaptive arm is capable of recog-
nizing virtually any antigen through 2 specialized receptors: the
T-cell receptor and antibodies.

T Cells

T-cell precursors leave the bone marrow for the thymus, where
they develop antigen receptors and undergo selection before
entering the circulation as mature lymphocytes. In peripheral
blood, roughly 70% of T cells are CD4* and about 25% are CD8".
These lymphocytes are pivotal to cell-mediated immunity.

Definitive evidence for a T-cell role in hypertension emerged in
2007, when Guzik and colleagues reported that Ang Il infusion
caused only a modest blood pressure rise in recombinase-acti-
vating gene-1-deficient (RAG-17/") mice, which lack both T and
B cells.”

Cytokines such as interleukin-17A (IL-17A) and IFN-y, secreted
by TH17 and TH1 subsets, can stimulate or enhance ion trans-
porters within the renal tubular epithelium. Affected transport
proteins include the sodium-hydrogen exchanger 3 (NHE3) in
the proximal tubule, the Na-K-2Cl cotransporter (NKCC2) in the
thick ascending limb, the sodium-chloride cotransporter (NCC)
in the distal tubule, and the epithelial sodium channel (ENaC)
in the collecting duct, collectively promoting sodium and water
retention.?

As shown with CD11c" cells, the salt-sensitive kinase SGK1 also
plays a key role in T-cell-driven hypertension.? CD8" T cells, the
principal source of IFN-y, accumulate within the kidney during
hypertension. Mice lacking CD8" cells are relatively resistant to
blood pressure elevation, and reductions in renal microvascular
density seen in wild-type or CD4~/~ mice do not occur in CD87/-
animals,? suggesting a link to sodium and fluid retention.

A combined in-vivo and in-vitro investigation further showed
that CD8* T cells establish direct contact with distal convoluted
tubule cells in DOCA-salt mice, increasing expression and phos-
phorylation of the Na-Cl cotransporter and precipitating salt-
sensitive hypertension.?

T-Cell-Tubular Interaction

Infiltrating CD8* T cells adhere to the basolateral membrane
of distal tubular cells, triggering sodium reabsorption through
ROS and Src-signaling activation or via up-regulation of NCC
and Na*/K*-ATPase. The resulting sodium retention drives salt-
sensitive hypertension.?
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Regulatory T Cells (Treg)

Regulatory T cells (Tregs), a specialized subset of CD4* lympho-
cytes, play a crucial role in blood pressure control. Adoptive
transfer of Tregs has been shown to blunt hypertension triggered
by Ang Il or aldosterone. In RAG17/~ mice, which lack mature T
and B cells, introduction of Tregs prevents Ang ll-driven hyper-
tension, limits vascular injury, and reduces immune cell infiltra-
tion.* Conversely, transferring T cells from Scurfy mice—which
are deficient in Tregs—into RAG17/~ animals aggravates Ang
[l-induced microvascular endothelial dysfunction and oxidative
stress.

B Cells

B lymphocytes are central to humoral immunity. After encoun-
tering antigen and receiving costimulation from helper T cells,
they differentiate into either memory B cells or antibody-secret-
ing plasma cells. Elevated serum levels of IgG, IgM, and IgA have
been documented in patients with severe hypertension.?® In
experimental models, Ang Il infusion raises splenic B-cell num-
bers, boosts circulating IgG, and leads to marked IgG accumula-
tion in the aortic adventitia.® Treatment of hypertensive mice
with the proteasome inhibitor bortezomib reduces glomerulo-
sclerosis, lowers renalinfiltration of Band T cells, and decreases
mean arterial pressure.?® These findings support a contributory
role for B cells in the pathogenesis of hypertension.

Figure 2 illustrates how adaptive influences
hypertension.

immunity

Cytokines and Hypertension

Cytokines are signaling proteins that enable intercellular com-
munication, acting somewhat like hormones or neurotransmit-
ters but produced by a broader range of cells. When immune
cells are activated or recruited to target tissues, they release
cytokines that trigger local inflammatory responses. Among
those implicated in hypertension are TNF-q, IL-17, monocyte
chemoattractant protein-1, and IL-6.

Tumor Necrosis Factor-a

This cytokine exhibits complex effects on blood pressure. High
circulating concentrations can lower blood pressure, while
moderate elevations promote sodium retention and hyperten-
sion.”” Variability in kidney TNF-a levels, host physiology, or
the initiating stimulus may explain these divergent outcomes.
Animal studies of Ang ll-induced hypertension, lupus, meta-
bolic syndrome, and preeclampsia show that pharmacologic or
genetic blockade of TNF-« signaling reduces blood pressure.?’

Interleukin-17

Produced by Th17 cells, macrophages, dendritic cells, and
NK cells, IL-17 appears particularly relevant to salt-sensitive
hypertension. High dietary salt drives innate T cells toward a
Th1l7 phenotype through up-regulation of serum/glucocor-
ticoid kinase 1 (SGKI), thereby enhancing IL-17 production
and tissue inflammation.® Interleukin-17 promotes vascular
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Figure 2. The role of acquired immunity in the pathogenesis of hypertension.

inflammation, fibrosis, stiffness, and endothelial dysfunction,
and in the kidney, it fosters glomerular injury, sodium and water
retention, and interstitial fibrosis.

Interleukin-6

Serum IL-6 concentrations are elevated in hypertensive individ-
uals compared with normotensive controls, and Ang Il infusion
further increases IL-6 in both groups.? Its effects on blood pres-
sure are thought to parallel those of IL-17.

Toll-Like Receptors

Toll-like receptors are a conserved receptor family that recog-
nizes pathogen-associated or damage-associated molecular
patterns and initiates pro-inflammatory signaling. Humans
express 11 TLR subtypes, while mice possess 13 (TLR1-13).
By engaging distinct adapter proteins, TLRs activate different
downstream pathways. Their influence on hypertension varies
with the involvement of vascular, |, or central nervous system
cells.* Figure 3 depicts these pathways.

Inflammasomes
Inflammasomes are cytoplasmic multiprotein complexes that
detect pathogenic or damage signals and trigger inflammatory

cascades. The NLRP3 inflammasome, in particular, has been
implicated in kidney disease and hypertension in both human
and animal studies. In murine models, NLRP3 deficiency pre-
vents the rise in blood pressure, lowers plasma renin activity,
and demonstrates protective effects when the inflammasome
is inhibited.*

Salt and the Immune System

Recent evidence shows that sodium is not confined to the extra-
cellular fluid and kidneys but can accumulate in tissues such
as the skin, subcutaneous fat, and muscle, where it influences
immune activity. Even when the kidneys excrete excess sodium
via pressure natriuresis, measurable amounts may persist in
these tissues. Elevated tissue sodium has been documented
in patients with hypertension, multiple sclerosis, and in those
receiving dialysis compared with healthy controls.*

This sodium reservoir activates immune cells, promoting mac-
rophage infiltration and cytokine release. Macrophages stimu-
late the Nuclear Factor of Activated T cells 5 (NFAT5), which in
turn increases vascular endothelial growth factor (VEGF) signal-
ing. The VEGF-C, through VEGFR3 receptors, induces lymphatic
endothelial hyperplasia and boosts lymphatic drainage, facili-
tating the return of stored sodium to the circulation.®® If any




Turk J Nephrol 2026; 35(3): 194-201

Sensoy et al. Hypertension and immune system

Endogenous hypertensive stimuli

7\

DAMPs
BP Increase | mwmmn | Tissue injury | s

Prolonged/
Vascular excessive stimulation
damage

%

TLR: Toll like receptor, SNS: Sympathetic nervous system, BP: Blood pressure, DAMP: Damage-associated molecular patterns

Figure 3. The effects of TLRs on the development of hypertension.

element of this pathway—such as NFAT5, VEGF-C, or its recep-
tor—is impaired, tissue sodium clearance declines and salt-sen-
sitive hypertension develops.

High salt intake further drives immune activation. Dendritic
cells become more reactive and activate T lymphocytes,

enhancing Ang Il-mediated vasoconstriction. In murine stud-
ies, excessive dietary salt expands Th17 cell populations while
reducing regulatory T cells, provoking renal inflammation and
salt-dependent blood pressure elevation. Increased salt also
skews macrophage polarization toward the pro-inflammatory
M1 phenotype while suppressing M2 cells. Macrophages and
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dendritic cells release greater amounts of IL-17 and IFN-y from
both CD4*and CD8* T cells.****

Human data support these findings. In 1 study, 20 healthy
adults consumed a normal-salt diet for 3 days, followed by a
high-salt diet (>15 g NaCl/day) for a week, then a low-salt diet
(<5 g NaCl/day) for another week. High salt intake increased
the CD14*CD16* monocyte subset, changes linked to oxidative
stress and renal medullary hypoxia. These effects reversed once
salt intake was reduced.®® The authors suggested that excess
dietary sodium may promote tissue inflammation partly by
altering monocyte populations.

Figure 4 summarizes the relationship between sodium expo-
sure, immune activation, and hypertension.

CONCLUSION

Collectively, current evidence underscores a substantial role
for both innate and adaptive immunity in the development of
hypertension. Cells such as macrophages and dendritic cells,
together with T and B lymphocytes, contribute to vascular
inflammation, endothelial dysfunction, and renal injury—
hallmarks of elevated blood pressure. These insights recast
hypertension as not only a hemodynamic disorder but also an
immune-driven inflammatory condition.

Nevertheless, most supporting data arise from preclinical
research, especially in genetically engineered or pharmaco-
logically induced hypertensive rodents. While these models
reveal important mechanisms, their direct applicability to
human physiology is limited. Rigorous, well-designed clini-
cal investigations are therefore essential to validate these
findings, identify therapeutic immune targets, and guide the
development of immunomodulatory strategies for managing
hypertension.
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