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Abstract
This review article introduces some basic studies that were recently published in this journal, as a part of Hypertension
Research 2024 Update and Perspectives. Including recent basic research trends in other scientific journals, we would like to
summarize basic research on keywords such as hypertension and its associated organ damage, new treatments, and others. It
is expected that the accumulation of basic studies will lead to breakthroughs in hypertension treatment in the future and lead
to the definitive treatment of hypertension beyond blood pressure control with anti-hypertensive drugs.
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As a part of Hypertension Research 2024 Update and Per-
spectives, this review focuses on and introduces some basic
studies recently published in Hypertension Research with
related articles in light of recent research trends in other
research journals as well. This author apologizes for not
being able to introduce all of the basic studies recently
published in Hypertension Research, but there are many
interesting and important articles regarding basic research
that cannot be introduced here. We urge potential readers to
check original articles in Hypertension Research, that are
not picked up, as well.

Piezo ion channels and renal injury
associated with hypertension

Blood flow exerts mechanical forces on tissues and cells.
Thus, the cells have a system for sensing these mechanical
stimuli. Piezo ion channels, which are known to sense
mechanical stimuli and induce Ca2 influx into cells, not
only work just as a sensor for mechanical stimuli but also
transduce hemodynamic forces in vascular cells [1–3]. It
has been reported that Piezo also has various biological
functions such as red blood cell homeostasis and platelet

aggregation [1]. Recent studies have shown that Piezo1, as a
mechanosensory, regulates lymphatic vessel growth in
response to external physical stimuli, works as a mechan-
osensor of capillaries and regulates blood flow in the central
nervous system, and senses mechanical stimuli also in
muscle capillaries and its dysfunction induces muscle
atrophy [4–7]. Other recent findings are that Piezo1 agonists
restore brain-cerebrospinal fluid perfusion in aged mice and
that Piezo1, as a mechanosensory, regulates urinary potas-
sium excretion in the distal nephron of the kidney [8, 9].
Regarding tissue injury, a recent study reported that
macrophage-specific Piezo1-knockout mice exhibit sup-
pression of renal fibrosis in unilateral ureteral obstruction or
folic acid-induced renal fibrosis model [10]. As shown in
these reports, Piezo is an important molecule that is
attracting attention as various new functions have been
discovered recently.

Nagase’s group has published two Piezo-related studies
in Hypertension Research [11, 12]. They found that Piezo1
expression is upregulated in podocytes, mesangial cells, and
distal tubular cells in mice with an aldosterone/salt-induced
renal injury model, which exhibits hypertension, albumi-
nuria, podocyte damage, and glomerular damage [11]. In
this study, they also found that mechanical stimulation
increases the markers of podocyte damage and the changes
in markers are suppressed by Piezo1 blockade in Piezo1-
expressed cultured podocytes [11]. These findings suggest
that Piezo1 is involved in the mechanical stimulation-
associated podocyte injury. In the study using Dahl salt-
sensitive hypertensive rats, Piezo2 expression in mesangial
cells and renin1-positive cells was increased in high salt-fed
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rats that exhibit hypertension and renal injury compared
with normal salt-fed rats [12]. Furthermore, they also found
that Piezo2 negatively regulates transforming growth factor-
b1 expression, suggesting that changes in Piezo2 expression
may be associated with renal injury in salt-sensitive
hypertension [12]. These studies suggest that Piezo ion
channels could be novel basic research and therapeutic
targets for hypertensive kidney injury. As hypertension, as
the name implies, exerts “pressure” on cells and tissues,
basic research regarding blood pressure and Piezo would be
important.

Immune cells associated with hypertension

Immune cells are known to be involved in the pathophy-
siology of hypertension and its associated tissue injury [13].
New findings in basic research related to immune cells have
also been published in Hypertension Research.

It has been reported that Jumonji domain containing
(JMJD) 3 regulates tissue inflammation and fibrosis
[14–16], and Gao et al. examined the roles of bone marrow
cells/JMJD3 in the development of deoxycorticosterone
acetate (DOCA), a mineralocorticoid receptor agonist, /salt-
induced hypertension model [17]. They first identified that
DOCA/salt increases JMJD3 expressions in CD45-positive
cells in the renal interstitium [17]. Bone marrow cell-
specific JMJD3-deficient mice did not alter DOCA/salt-

induced high blood pressure, but significantly attenuated
histological damage, inflammation, and fibrosis in the kid-
ney coupled with reductions in blood urea nitrogen and
albuminuria compared with wild-type mice [17]. These
results suggest that JMJD3 in bone marrow cells is a novel
therapeutic target for renal injury associated with miner-
alocorticoid receptor-associated salt-sensitive hypertension.

It is well known that T cells contribute to the develop-
ment of hypertension and its associated tissue injury [18].
Of note, high salt intake induces T helper (Th) 17 cells and
elevates blood pressure [19]. Kim et al. examined the dif-
ference in Th 17 cells between Dahl salt-sensitive and salt-
resistant rats regarding the development of salt-sensitive
hypertension [20]. In the cultured T cells derived from the
spleen, hypertonic salt solution induced more Th17 cells in
Dahl salt-sensitive rats than salt-resistant rats [20]. Also,
high salt intake significantly increased blood pressure,
serum interleukin (IL)-17a levels, and Th17 cell polariza-
tion in Dahl salt-sensitive rats but not salt-resistant rats [20].
These results suggest that differences in sensitivity or
polarity changes of T cells to salt are a key mechanism of
the development of hypertension. However, Kim et al
focused on only the differences in Th 17 cells and did not
perform any intervention for that [20].

Many basic studies have reported that immune cells
contribute to the development of hypertension and its
associated organ damage including the above studies.
However, various basic research has not yet led to specific
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treatment methods for hypertensive patients. On the other
hand, recent T-cell-related research topics have focused on
chimeric antigen receptor (CAR) T-cells in the treatment of
cancer, inflammation, and cardiac injury [21–25]. In this
approach, T cells are once collected from the patient, and
then reprogrammed and back into the patient to induce
specific functions of Car T-cells for treatment [26]. What is
important in the future would be the development of spe-
cific ways of regulating immune cells and treating hyper-
tension and organ damage, like CAR T-cell therapy.

Hypertension and its associated
organ damage

Tamura’s group has been studying the roles of angiotensin
II type-I (AT1) receptor-associated protein (ATRAP), an
endogenous protein that suppresses excessive activation of
AT1 receptors by promoting receptor internalization, in the
development of hypertension and organ damage [27]. The
renin-angiotensin system and sympathetic nervous system
in the brain are involved in the development of hyperten-
sion, and Sotozawa et al. examined angiotensin II-induced
blood pressure elevation in rats with ATRAP-
overexpression of the paraventricular hypothalamic
nucleus (PVN), which is an important site for sympathetic
nervous system regulation in the brain [28, 29]. The
ATRAP/AT1 receptor expression ratio in PVN was sig-
nificantly decreased in angiotensin II-induced hypertensive
rats, and they induced ATRAP-overexpression in PVN of
rats by administering an ATRAP-expressing lentivirus [29].
In the PVN-ATRAP-overexpressed rats, angiotensin II-
induced high blood pressure and cardiac hypertrophy were
significantly attenuated, and these changes were associated
with a reduction in urinary adrenaline excretion [29]. These
findings suggest that ATRAP in PVN is a new target for
angiotensin II-associated hypertension. The group also
reported another finding in Hypertension Research that
ATRAP deficiency combined with angiotensin II infusion
can enhance diabetic kidney injury in the C57BL/6 strain
mouse, which is resistant to the development of kidney
injury [30].

It has focused on the contribution of the vascular tran-
sient receptor potential vanilloid (TRPV) 4 channels to
hypertension and organ damage. For example, a recent
study reported that smooth muscle cell-specific TRPV4-
deletion suppresses the enhanced vasoconstriction and
increase in blood pressure in diet-induced obesity model
mice [31]. Not only vascular smooth muscle cells, but also
endothelial cell-specific TRPV4-deficient mice also exhib-
ited attenuation of cardiac dysfunction and fibrosis in
pressure-overload transverse aortic constriction (TAC)
model mice [32]. In Hypertension Research, Wen et al.

examined the effects of vascular TRPV4 channels on high
salt-induced blood pressure [33]. Endothelial cell-specific
TRPV4-deficient mice showed partial suppression of
increase in blood pressure by high salt intake compared
with wild-type mice [33]. This partial suppression is
because TRPV4 in vascular smooth muscle cells, as well as
endothelial cells, also regulates vascular tone [33]. Indeed,
they demonstrated that TRPV4-mediated intracellular Ca2+

influx/interferon regulatory factor 7/inositol trisphosphate
receptor 2 axis induces vasoconstriction in vascular smooth
muscle cells by using isolated aorta and cultured vascular
smooth muscle cells, which could contribute to the increase
in blood pressure during high salt intake [33]. TRPV4 in
both vascular endothelial cells and smooth muscle cells
could be a new therapeutic target for hypertension.
Although it is not directly associated with hypertension,
another new finding regarding TRPV4 is that TRPV4 in
microglia, the macrophages of the central nervous system,
may become a novel target for the treatment of chronic pain
[34].

Pericytes, which cover capillaries, are the cells that play
important roles in vascular homeostasis such as structure
stability, blood flow, and permeability. Although it is known
that the heart has abundant pericytes, recent research has
reported several roles for cardiac pericytes and focus.
Regarding new findings in cardiac pericytes, recent studies
showed that cardiac pericytes are involved in arteriogenesis
and angiogenesis in the ischemic heart [35] and regulate
cardiac remodeling after myocardial infarction [36, 37]. On
the other hand, congestive heart failure leads to body fluid
overload and an increase in venous pressure, resulting in
renal congestion and its associated renal injury. It has been
reported that renal injury induces pericyte detachment from
the capillaries and pericyte-myofibroblast transition, which
contributes to renal fibrosis [38, 39]. In Hypertension
Research, Ito et al. reported the pericyte detachment during a
renal injury in renal congestion model rats [40]. They used
high salt-fed Dahl salt-sensitive rats, which exhibit renal
congestion, and evaluated the right kidney as a model of
renal congestion while the left kidney was decapsulated to
reduce the renal interstitial hydrostatic pressure [40]. The
right kidney of high salt-fed Dahl salt-sensitive rats showed
renal tubulointerstitial injury and pericyte detachment from
the vascular wall [40]. In the left kidney with attenuated
interstitial hydrostatic pressure, the tissue damage was
ameliorated. Pericyte detachment from the vascular wall was
also observed in human renal tissue from patients with heart
failure patients [40]. These findings suggest that pericyte
detachment associated with an increase in interstitial hydro-
static pressure is one of the key factors during the develop-
ment of renal injury and fibrosis. Also, renal congestion and
subsequent pathophysiological alternations could be ther-
apeutic targets for renal injury associated with heart failure.
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Beyond oral administration

Although various antihypertensive drugs have been devel-
oped and blood pressure control in hypertensive patients has
improved, there are still patients with refractory hypertension.
Even if blood pressure can be well controlled with anti-
hypertensive drugs, patients need to keep taking oral medi-
cations every day, therefore, there are medication adherence
issues. To solve these issues regarding hypertensive therapy,
it is important to study novel hypertension treatments and
therapeutics, and several basic studies challenging these
issues were published in Hypertension Research.

While novel antihypertensive treatments such as renal
denervation which targets the nervous system have received
much attention, Dai et al. examined the antihypertensive
effects of celiac ganglia neurolysis (CGN) in spontaneously
hypertensive rat (SHR) and Dahl salt-sensitive rat [41].
CGN significantly decreased blood pressure in SHRs and
high salt-fed Dahl salt-sensitive rats, and these anti-
hypertensive effects of CGN were associated with inhibition
of the renin-angiotensin-aldosterone system and an increase
in nitric oxide [41]. This basic study indicates that CGN,
like renal denervation, may be effective in the treatment of
refractory hypertension. Of note, since CGN is also effec-
tive in pain relief, it is expected that CGN would be applied
to the treatment of hypertension in patients who require pain
relief, such as abdominal disease and cancer [42].

It is well known the association between the adrenal
gland and blood pressure [43]. For instance, the removal of
the adrenal gland is used in the treatment of primary
aldosteronism. Wang et al. have examined the possibility
that unilateral chemical ablation of the adrenal gland is
effective in the treatment of hypertension other than primary
aldosteronism [44]. They performed unilateral adrenal
ablation in SHR and normotensive Wistar Kyoto rat (WKY)
by anhydrous ethanol injection [44]. Adrenal ablation sig-
nificantly reduced blood pressure in SHRs, and this reduc-
tion in blood pressure was associated with suppressions in
renin, angiotensin, aldosterone, noradrenaline, and adrena-
line levels. On the other hand, adrenal ablation did not
affect blood pressure or these hormones in WKYs. Adrenal
ablation also attenuated cardiac, renal, and vascular injury
in SHRs [44]. Although further studies are required to
determine how adrenal ablation can be applied to hyper-
tensive patients other than primary aldosteronism, further
basic research is expected, which targets adrenal function
for blood pressure control including the development of
aldosterone synthase inhibitors [45].

While vaccines are important in the research field of
infection, their potential in the cardiovascular and cancer
research fields is also attracting attention [46, 47]. For
example, a recent study reported that administration of a
peptide vaccine targeting ADAMTS-7 (a disintegrin and

metalloproteinase with thrombospondin type 1 motif 7),
which is associated with human coronary atherosclerosis,
alleviated intimal thickening in a carotid artery ligation model
mice, neointimal formation in a wire injury model mice, and
atherosclerosis in both hyperlipidemic ApoE- and LDLR-
deficient mice [48]. The development of vaccines has also
received attention in the research field of hypertension, with
Ke et al. reporting the efficacy of a vaccine targeting the
adrenergic β1 receptor (β1-AR) [49]. β receptors play an
important role in the pathogenesis of hypertension and chronic
heart failure, and they developed a vaccine targeting β1-AR
[49]. They evaluated its efficacy in NG-nitro-L-arginine
methyl ester (L-NAME), a nitric oxide synthase inhibitor,
-induced hypertensive rats, TAC, and myocardial infarction
(MI) model mice [49]. In the L-NAME-treated model, the β1-
AR vaccine significantly decreased blood pressure and atte-
nuated cardiovascular injury [49]. The β1-AR vaccine also
improved cardiac function and cardiovascular injury in both
TAC and MI model mice [49]. These findings suggest that the
development of novel vaccines that block existing therapeutic
targets may improve medication adherence and treatment
regarding hypertension and heart failure.

A typical oral antihypertensive agent is a calcium chan-
nel blocker, and Jana et al. have developed a nifedipine
formulation using polymeric dissolving microneedles
(DMNs) patch [50]. They showed that this DMNs patch can
provide a steady and sustained release of 96% of the drug
for up to 48-72 hours without loss of nifedipine [50]. This
kind of drug delivery system would have various possible
advantages for long-term therapy such as improvements in
treatment compliance and adherence associated with a
decrease in daily dosing frequency. The novel drug delivery
system may also solve some issues of various existing drugs
as well as nifedipine. In addition, since nifedipine is
effective not only in hypertension but also in angina pec-
toris, pre-eclampsia, and other conditions, it will be
important to further research the drug delivery system of
existing drugs, including other diseases.

As described above, the basic studies regarding novel
methods for hypertension treatment will continue to
develop, and the author expects a future in which a new way
to treat hypertension that does not require daily medication
will become widespread.
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