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Abstract
The pathogenesis of hypertension is multifactorial and highly complex. Basic research plays critical roles in elucidating the
complex pathogenesis of hypertension and developing its treatment. This review covers recent topics in basic research
related to hypertension in the following six parts: brain/autonomic nervous system, kidney, vascular system, potential
treatments, extracellular vesicles, and gut microbiota. The brain receives afferent nerve inputs from peripheral organs,
including the heart, kidneys, and adipose tissue, and humoral inputs from circulating factors such as proinflammatory
cytokines and leptin, which are involved in the regulation of central sympathetic outflow. In the kidneys, changes in Wnt/β-
catenin signaling have been reported in several hypertensive models. New findings on the renin-angiotensin-aldosterone
system in the kidneys have also been reported. Sirtuin 6, which participates in various cellular functions, including DNA
repair, has been shown to have protective effects on the vascular system. Skin water conservation, mediated by skin
vasoconstriction and the accumulation of osmolytes such as sodium, has been found to contribute to hypertension. Studies of
rivaroxaban and sodium-glucose cotransporter-2 inhibitors as drug repositioning candidates have been performed.
Extracellular vesicles have been shown to be involved in novel diagnostic approaches and treatments for hypertension as
well as other diseases. In gut microbiota studies, interactions between microbiota and antihypertensive drugs and potential
pathophysiology linking microbiota and COVID-19 have been reported. It can be seen that inter-organ communication has
received particular attention from these recent research topics. To truly understand the pathogenesis of hypertension and to
develop treatments for conquering hypertension, interresearcher communication and collaboration should be further
facilitated.
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Introduction

The pathogenesis of hypertension is multifactorial and
highly complex. Basic research plays critical roles in elu-
cidating the complex pathogenesis of hypertension and
developing treatments for hypertension. It would be ideal to
link all of the pathophysiology and the organ changes
associated with hypertension and describe these associa-
tions systematically, but our understanding of the patho-
physiology of hypertension has not been sufficient to reach
that goal. Therefore, the present mini-review focuses on

recent and emerging topics in basic research on hyperten-
sion from several points of view (Fig. 1).

Brain/autonomic nervous system

The brain receives various inputs from the peripheral sys-
tem, organizes them, and determines central sympathetic
outflow [1]. The sympathetic nervous system plays a major
role in the control of diverse organs, including the heart,
kidneys, and vasculature. Sympathetic overactivity is often
accompanied by an imbalance of autonomic tone with
decreased parasympathetic activity, which is a hallmark of
the pathophysiology of hypertension and hypertensive
organ damage.

In clinical practice, autonomic neuromodulation for car-
diovascular diseases, such as renal denervation, has attrac-
ted significant attention [2, 3]. Renal denervation and the
involvement of renal sympathetic nerves in hypertension are
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discussed in another mini-review in this journal, so I
describe recent studies investigating the other neural
mechanisms that may modulate sympathetic activity. In
particular, the role of afferent nerves carrying signals from
peripheral organs to the central nervous system as well as
efferent sympathetic nerves innervating the organs in car-
diovascular regulation has recently been investigated. The
stimulation of cardiac sympathetic afferent nerves increases
sympathetic outflow and blood pressure. This sym-
pathoexcitatory reflex is called the cardiac sympathetic
afferent reflex (CSAR). CSAR is reported to be enhanced in
experimental models of hypertension and chronic heart
failure [4–6]. Transient receptor potential vanilloid 1
(TRPV1)-expressing cardiac afferent fibers are responsible
for sensing and triggering CSAR activation [7]. Our recent
study showed that cardiac TRPV1 expression and CSAR
were increased in mice with pressure overload-induced
cardiac hypertrophy and that TRPV1 knockout and selec-
tive denervation of TRPV1-expressing cardiac sympathetic
afferent nerves similarly attenuated pressure overload-
induced cardiac hypertrophy [8]. The activation of
TRPV1-expressing cardiac afferent nerves was presumably
associated with increased brain-derived neurotrophic factor
in the brainstem nucleus tractus solitarius receiving the

cardiac afferents, which could induce sympathoexcitation
and cardiac hypertrophy. Afferent signals from white adi-
pose tissue can also influence blood pressure through a
sympathoexcitatory mechanism known as the adipose
afferent reflex [9, 10]. Dalmasso et al. recently demon-
strated that the stimulation of afferent sensory nerves from
visceral white adipose tissue could increase blood pressure
in normal mice [11]. They further showed that afferent
signals from visceral white adipose tissue contributed to
sympathetic activation and hypertension in male mice
exposed to early life stress when fed an obesogenic diet
[12]. This enhanced sympathetic outflow was most likely
mediated by increased afferent signals from epididymal
white adipose tissue projecting to brain areas with a pivotal
role in developing neurogenic hypertension, such as the
hypothalamic paraventricular nucleus (PVN) and rostral
ventrolateral medulla (RVLM). In addition to these studies
focusing on afferent signals from organs such as the heart
and white adipose tissue, the study from Asirvatham-Jeyaraj
et al. focused on the celiac ganglion as another potential
target for antihypertensive neuromodulation. They showed
that celiac ganglionectomy, a procedure that ablates efferent
sympathetic nerves to and afferent sensory nerves from the
splanchnic organs, decreased blood pressure as well as renal
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denervation in genetically hypertensive Schlager BPH/2 J
mice [13]. The depressor response to the ganglionic-
blocking agent hexamethonium, which indicates global
neurogenic pressor activity, was significantly decreased by
renal denervation, whereas this depressor response was not
altered by celiac ganglionectomy. Therefore, both renal and
splanchnic nerves contributed to hypertension in BPH/2 J
mice, but likely through different mechanisms. As shown in
this study, renal denervation and celiac ganglionectomy
both attenuated hypertension to a similar degree in Dahl
salt-sensitive rats [14]. In contrast, renal denervation had no
effect in the angiotensin II-salt model and mild deox-
ycorticosterone acetate (DOCA)-salt model, but celiac
ganglionectomy was effective in lowering blood pressure
[15–17]. The effect of selective denervation of afferent
nerves, including renal afferent nerves, on blood pressure
also differs between hypertensive animal models [2, 18].
Taken together, the findings of these studies suggest that the
efficacy of targeted denervation depends on the model
studied and the organ systems and physiological processes
affected. Finally, baroreflex activation as an anti-
hypertensive neuromodulation other than denervation or
ganglionectomy will now be described. Multiple clinical
trials have shown that baroreflex activation therapy through
carotid sinus stimulation is effective in decreasing blood
pressure in treatment-resistant hypertensive patients
[19–21]. However, there is currently no set of standardized
electrical stimulation parameters, and the reported stimulus
frequencies, amplitudes, and durations have varied widely
among human trials. Domingos-Souza et al. showed that the
ability of baroreflex activation to modulate hemodynamics
and induce lasting vascular adaptation was critically
dependent on the electrical parameters and duration of
carotid sinus stimulation in spontaneously hypertensive rats
(SHRs) [22]. This study provided an important rationale for
improving baroreflex activation therapy in humans.

The brain receives inputs from circulating humoral
factors, which affects sympathetic outflow. In particular,
hypertension is associated with systemic inflammation,
and the brain may play a key role in linking them. Cao
et al. showed that intravenous injection, intracerebroven-
tricular injection, or PVN microinjection of interleukin
(IL)-17A similarly induced increases in blood pressure,
heart rate, and renal sympathetic nerve activity [23].
Intravenous injection of IL-17A activated brain-resident
glial cells and elevated the gene expression of inflamma-
tory cytokines and chemokines through IL-17 receptor A
within the PVN. The findings of this study suggest that IL-
17A in the brain promotes neuroinflammation to enhance
sympathetic activation and hypertension. As shown in this
study, systemic administration of proinflammatory cyto-
kines has been suggested to induce sympathetic activation

and blood pressure elevation by acting on the brain
[24–26], but it is not well understood how endogenous
circulating proinflammatory cytokines are involved in the
development of hypertension through the sympathetic
nervous system because cytokines cannot cross the blood‒
brain barrier. Brain perivascular macrophages are com-
ponents of the blood‒brain barrier and are affected by
circulating inflammatory cytokines. We recently showed
that brain perivascular macrophages, which produce
prostaglandin E2, thus activating neurons in response to
circulating cytokines, contribute to the development of
hypertension via sympathetic activation [27]. In addition,
there is a link between obesity and hypertension. Gruber
et al. showed in mice with high-fat, high-sugar diet-
induced obesity, there was profound remodeling of the
gliovascular interface in the hypothalamus, which includes
preautonomic centers, resulting in arterial hypertension
[28]. This process was driven by elevated leptin levels and
an upregulation of the HIF1α-VEGF signaling axis in
local astrocytes.

Kidneys

There is a close relationship between the kidneys and
blood pressure. Kasacka et al. reported changes in the
Wnt/β-catenin signaling pathway, which is a key pathway
that regulates various cellular processes and tissue
homeostasis and is also involved in damage and repair
processes, in the kidneys of several hypertensive model
rats [29]. They showed that the activity of the Wnt/β-
catenin pathway was increased in SHRs and two-kidney,
one-clip (2K1C) hypertensive rats, while it was inhibited
in DOCA-salt rats, using kidney immunohistochemistry.
The renin-angiotensin system (RAS) is increased in SHRs
and 2K1C hypertensive rats; therefore, the findings of this
study suggest an interaction between the RAS and Wnt/β-
catenin signaling. The role of Wnt/β-catenin signaling in
kidney injury and repair has been well reviewed in the
recent literature [30, 31]. The intrarenal RAS is involved
in BP regulation. In damaged kidneys with an impaired
glomerular filtration barrier, liver-derived angiotensinogen
filtered through damaged glomeruli regulates intrarenal
RAS activity [32]. Matsuyama et al. further showed that
the glomerular filtration of liver-derived angiotensinogen,
depending on glomerular capillary pressure, causes a cir-
cadian rhythm of the intrarenal RAS with in vivo imaging
using multiphoton microscopy [33]. Aldosterone-
independent activation of renal mineralocorticoid recep-
tors (MRs) has also been discussed and studied. Maeoka
et al. used aldosterone synthase knockout mice and
demonstrated that MRs were activated in the absence of
aldosterone along distal convoluted tubule 2 and were
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partially activated in the cortical collecting duct, indicat-
ing that renal MRs are normally bound by hormones other
than aldosterone [34]. This supports the use of MR
antagonists in patients, even when aldosterone is not
elevated.

Vascular system

Vascular system impairment is also associated with
hypertension. Recently, an increasing number of studies
have shown the vascular protective effect of sirtuin 6
(SIRT6), which is an NAD-dependent protein deacetylase
and a member of the evolutionarily conserved sirtuin
family. Grootaert et al. showed that SIRT6 protein
expression was reduced in human and mouse plaque
vascular smooth muscle cells (VSMCs) and was posi-
tively regulated by ubiquitin ligase C-terminus of HSC70-
interacting protein (CHIP) [35]. SIRT6 regulated telomere
maintenance and VSMC lifespan and inhibited ather-
ogenesis, all of which were dependent on its deacetylase
activity. Liu X et al. found that SIRT6 expression was
downregulated in the aortae of aged rats and showed that
SIRT6 knockdown enhanced Ang II-induced vascular
adventitial aging by activating the NF-κB pathway
in vitro [36]. Li et al. demonstrated that SIRT6 was
markedly downregulated in peripheral blood mononuclear
cells and in the radial artery tissue of patients with
chronic kidney disease with vascular calcification [37].
They further showed that SIRT6 suppressed VSMC
osteoblastic transdifferentiation and attenuated vascular
calcification both in mice in vivo and in vitro. Mechan-
istically, SIRT6 deacetylated runt-related transcription
factor 2 (Runx2) and promoted its ubiquitination and
subsequent degradation through the ubiquitin‒proteasome
system.

Skin vasoconstriction-mediated skin water conservation
was newly indicated to contribute to hypertension. Ogura
et al. showed that SHRs exhibited higher urine volume and
lower urinary osmolality than normotensive Wistar-Kyoto
rats (WKYs), without significant differences in water
intake, urinary osmolyte excretion, or plasma osmolality
between the groups [38]. SHRs showed higher blood
pressure and skin sodium content and lower transepidermal
water loss than WKYs. Skin vasodilation, induced by ele-
vating body temperature, increased transepidermal water
loss in both SHRs and WKYs; however, blood pressure was
decreased in SHRs, but not in WKYs, by skin vasodilation.
These findings suggest that skin water conservation, medi-
ated by skin vasoconstriction and the accumulation of
osmolytes such as sodium, may contribute to hypertension
in SHRs. This concept has been indicated in other animal
models [39, 40].

Potential treatments

There have been many potential treatments for hypertension
and the associated organ damage. Here, the findings of
several studies that may lead to potential drug repositioning
will be described. Rivaroxaban, a direct factor Xa inhibitor,
has been reported to have protective effects on the cardio-
vascular system. Daci et al. showed that pretreatment with
rivaroxaban attenuated lipopolysaccharide (LPS)-induced
acute vascular inflammation and contractile dysfunction in
LPS-injected rats [41]. Nakanishi et al. demonstrated that
rivaroxaban protected against cardiac dysfunction after
myocardial infarction in mice [42]. Reductions in protease-
activated receptor (PAR)-1, PAR-2, and proinflammatory
cytokines in the infarcted area were associated with the
cardioprotective effects of rivaroxaban. In addition, Narita
et al. showed that rivaroxaban had a protective effect
against cardiac hypertrophy and fibrosis by inhibiting PAR-
2 signaling in renin-overexpressing hypertensive mice [43].
Sodium-glucose cotransporter-2 (SGLT2) inhibitors have
been demonstrated to have cardio- and renoprotective
effects in clinical studies. In addition, a blood pressure-
lowering effect of SGLT2 inhibitors has been suggested in
animal studies. Kravtsova et al. showed that dapagliflozin
treatment blunted the development of hypertension with
increases in glucose and Na+ excretion without secondary
effects on the expression and function of other Na+ trans-
porters and channels along the nephron and systemic and
intrarenal RAS in Dahl salt-sensitive hypertensive rats [44].
Zhao et al. showed that canagliflozin attenuated the devel-
opment of hypertension by directly alleviating vasocon-
striction in Dahl salt-sensitive hypertensive rats [45]. Salt-
induced vascular transient receptor potential channel 3
upregulation resulted in augmented vasoconstriction in salt-
sensitive hypertensive rats by facilitating sodium-calcium
exchanger 1-mediated vascular calcium uptake, which
could be alleviated by canagliflozin. Furthermore, although
SGLT2 inhibitors may have a sympathoinhibitory effect,
which might be responsible for their protective effects on
the cardiovascular system, their mechanism remains
unclear.

Extracellular vesicles

Extracellular vesicles (EVs) have been studied in many
aspects, including disease diagnosis, biological signaling,
and novel therapeutics, in this decade. Ochiai-Homma et al.
showed that pendrin in urinary EVs can be a useful bio-
marker for the diagnosis and treatment of primary aldos-
teronism, and this finding was supported by studies using a
rat model of aldosterone excess [46]. Lugo-Gavidia et al.
indicated that circulating platelet-derived EVs were
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positively associated with nocturnal blood pressure at
baseline and therapy-induced blood pressure changes over a
12-week treatment period with ambulatory blood pressure
monitoring [47]. Platelet-derived EVs may provide an
integrated measure of blood pressure changes achieved with
pharmacotherapy. In addition, Chi et al. demonstrated that
fibronectin type-III domain-containing protein 5 (FNDC5)/
irisin-enriched EVs contributed to exercise-induced pro-
tection against vascular aging by increasing SIRT6 stability
[48]. The findings of this study indicate that the exerkine
FNDC5/irisin may be a potential target for aging-related
vascular comorbidities. EVs also play a role as mediators of
cell communication [49]. Wang et al. revealed an inverse
correlation between circulating microRNA-92a levels and
pulse wave velocity in humans and mice [50]. The findings
of their in vitro study indicated that endothelial cell
microRNA‑92a may be transported to VSMCs via EVs to
regulate phenotypic changes in VSMCs, leading to arterial
stiffness.

Gut microbiota

Studies on the role of gut microbiota in blood pressure
regulation have also been accumulating. One of the topics
in this field is the interaction between microbiota and
antihypertensive drugs [51, 52]. Wu et al. showed that the
abundances of several phyla and genera, including Proteo-
bacteria, Cyanobacteria, Escherichia-Shigella, Eubacterium
nodatum and Ruminococcus, were higher in DOCA-salt
hypertensive rats than in control rats, while these changes
were reversed by treatment with oral captopril, an
angiotensin-converting enzyme inhibitor (ACEI) [53]. Of
particular interest, the genera Bifidobacterium and Akker-
mansia, reported as beneficial bacteria in the gut, were
abundant only in hypertensive rats treated with captopril.
These results provide evidence that captopril has the
potential to rebalance the dysbiosis of DOCA-salt rats,
suggesting that the alteration of the gut flora by captopril
may contribute to the hypotensive effect of this drug. Yang
et al. showed that the blood pressure-lowering effect of
quinapril, another ACEI, was more pronounced in SHRs
treated with antibiotics than in SHRs not treated with
antibiotics [54]. The depletion of gut microbiota in SHRs
with antibiotics was associated with decreased gut microbial
catabolism of quinapril as well as a significant reduction in
the bacterial genus Coprococcus. C. comes, an anaerobic
species of Coprococcus, harbored esterase activity and
catabolized the ester quinapril in vitro. The coadministration
of quinapril with C. comes reduced the antihypertensive
effect of quinapril in SHRs. Importantly, C. comes selec-
tively reduced the antihypertensive effects of the ester

ramipril but not the nonester lisinopril. The findings of this
study suggest that human commensal C. comes catabolizes
the ester ACEI in the gut and lowers its antihypertensive
effect.

The risk for coronavirus disease 2019 (COVID-19) in
hypertensive patients and patients treated with RAS
inhibitors has been discussed [55–58], and there are some
animal studies investigating this issue from the aspect of
gut microbiota. Li et al. showed that the expression of
angiotensin-converting enzyme-2 (ACE2) and trans-
membrane protease serine-2 (TMPRSS2), key molecules
in severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, in the gut epithelium was
increased in SHRs compared to normotensive rats [59].
Changes in the gut microbiome associated with short-
chain fatty acids, particularly butyrate, were found in both
hypertension and COVID-19 [60]. They further demon-
strated that butyrate downregulates genes essential for
SARS-CoV-2 infection, such as Ace2 and Tmprss2, but
also upregulates toll-like receptors and other antiviral
pathways [61]. These findings imply that the increased
risk of COVID-19 in individuals with hypertension is
partly due to the cumulative depletion of butyrate-
producing bacteria in the gut.

Perspectives

In this mini-review, recent topics on basic research in
hypertension were introduced. For many of these findings,
the pathophysiology and underlying mechanism are not
confined to a single organ. The brain receives neural and
humoral inputs from the peripheral system and determines
the central sympathetic outflow, which plays a major role in
the control of diverse organs, including the heart, kidneys,
and vasculature. Important mechanisms, such as Wnt/β-
catenin signaling and SIRT6 activity, shown in this mini-
review, are involved in homeostasis and pathogenesis
across organs and diseases. EVs are also known to con-
tribute to intracellular and interorgan crosstalk. The gut
microbiome has become a key player in systemic diseases,
including hypertension. The pathogenesis of hypertension is
multifactorial and highly complex; therefore, it is reason-
able that interorgan communication has recently become an
important perspective in the study of hypertension and
hypertensive organ damage. On the other hand, each
researcher tends to focus only on his or her own area of
expertise in trying to elucidate the pathogenesis of hyper-
tension. To truly understand the pathogenesis of hyperten-
sion and to apply this understanding to treatments for
conquering hypertension, interresearcher communication
and collaboration should also be further facilitated (Fig. 2).
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Fig. 2 Interorgan
communication in hypertension
and interresearcher
communication and
collaboration in hypertension
research

Brain / Autonomic nervous system Kidney  

Cardiac afferent nerves contribute to LVH with BDNF increase in NTS [8]

Fat-derived sympathoexcitatory signals causes hypertension [11,12]

RDN and celiac ganglionectomy decrease BP similarly [13] 

BP lowering effect of BAT depends on s�mula�on parameters [22]

Circula�ng IL-17A causes neuroinflamma�on and hypertension [23]

Brain perivascular macrophages contribute to hypertension [27]

High lep�n with obesity causes hypertension via gliovascular change [28]

Changes in Wnt/β-catenin signaling in hypertensive kidney [29]

Glomerular pressure and circadian rhythm of intrarenal RAS [33]

Mineralocor�coid receptor ac�va�on in aldosterone-KO mice [34]

Vascular system

Poten�al treatment  

SIRT6 protects from vascular aging [35,36]

SIRT6 protects from vascular calcifica�on via Runx2 in CKD [37]

Skin water conserva�on by skin vasoconstric�on causes hypertension [38]

Rivaroxaban improves vascular inflamma�on [41]

Rivaroxaban a�enuates cardiac remodeling a�er myocardial infarc�on [42]

Rivaroxaban a�enuates cardiac hypertrophy/fibrosis in hypertension [43]

SGLT2i decreases BP in Dahl salt-sensi�ve rats [44,45]

Gut microbiota  

Rebalance of gut microbiota by captopril [53]

Gut microbiota blunts an�hypertensive effect of ACEI [54]

Increased ACE2 in gut epithelium in SHR [59]

Butyrate downregulates ACE2 in gut [61]

Risk of COVID-19 in hypertension due to the decreased gut butyrate?

Extracellular vesicles (EVs)  

Pendrin in urinary EVs in PA pa�ents and PA animal model [46]

Platelet-derived EVs correlate with nocturnal BP changes by therapy [47]

FNDC5/irisin-enriched EVs delay vascular aging via SIRT6 stability [48]

Endothelial-derived miR-92a within EVs promotes arterial s�ffness [49]

Fig. 1 Recent topics in basic research. Each ref. number indicates the
reference paper cited in the text. LVH left ventricular hypertrophy,
BDNF brain-derived neurotrophic factor, NTS nucleus tractus soli-
tarius, RDN renal denervation, BP blood pressure, BAT baroreflex
activation therapy, IL interleukin, RAS renin-angiotensin system,
SIRT6 sirtuin 6, Runx2 runt-related transcription factor 2, CKD

chronic kidney disease, SGLT2i sodium-glucose cotransporter-2
inhibitor, EV extracellular vesicle, FNDC5 fibronectin type-III
domain-containing protein 5, miR microRNA, ACEI angiotensin-
converting enzyme inhibitor, ACE2 angiotensin-converting enzyme-2,
SHR spontaneously hypertensive rat, COVID-19 coronavirus
disease 2019
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